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SUMMAPY

Tre use of digital computers in conjunction with
electrically-controlled analog hydraulic actuators requires the use of
intermediate digital-to-anelog (D/A) signal conversion units. Since the use
of on-toard digital computers or individual microprocessors to provide command
signals to hydraulic actuators are foreseen for future aircraft, a research
and development program was undertaken to design, fabricate, and demonstrate
an actuation system that can provide an output of a precise dispiacement or

- movement for each electrical input pulse transmitted from a digital computer.

The first .osk was to study potential aircreft applications for a
digital electrohydraulic actuation (DEHA) system, and to select one in order

to define the performance and physical size requirements for a demonstration
unit. Since the Air Force F-16 Lightweight Fighter aircraft was just entering
service and had a full fly-by-wire control system with actuator requirements
readily available, it was decided that one of its actuation systems would make
an excellent model. The F-16 rudder actuation system was selected as the

basis for the CEHA design and per formance requirements.

Tradeoff studies of various DEHA concepts were conducted with the
intent of finding a satisfactdry design and a qualified subcontractor for the
fabrication of a demonstration unit. A survey letter was sent to twenty-four
hydraulic equipment manufacturers; and, based on their rerlies and e number of
plant visits, fourteen were invited to submit design proposels.

Two of the supplier companies, Bendix Electrodynamics Division and
Sundstrand Aviation Mechanical, did submit proposals. However, in view of the

shortcomings of the concepts proposed, a number of alternate designs were

devised at Boeing. These were compared; and, in consideration of their
relative advantages, complexity, and development risk, one of these was

selected for development.
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Two hydraulic drive motors, controlled Iy a dual-channel rotary
distributor valve driven by an electric stepper motor, were utilized in the
selected design. Fixed-cylinder-block hydraulic motors wi%h a rotating swash
plate were used rather than conventional motors with a rotating cylinder
block; and, the two motors were mounted on a torque-summing gearbox which
could be used to drive an aerodynamic control surface through a series of
linked torque tubes and hinge-1ine mounted planetary gcarboxes. The use of
the fixed-cylinder-block motors and the separate rotary valve which externally
commutates flow to the motor pistons, rather than internally through
valve-plate kidney slots as in conventional motors, were chosen in order to
obtained a reduction in hydraulic flow required for slewing the control
surface at high rates under low-load conditions. In addition, the rotary
distributor valve offers the possibility of reducing the steady-state
quiescent leakage flow associated with electrohydraulic servovalves.

A prototype DEHA unit was assemtled with hydraulic drive motors,
rotary distributor valve, and torque-summing gearbox designed and fabricated
by suppliers selected by competitive bidding. An off-shelf electric stepper
motor and a feedback shaft encoder were purchased; and, the gearbox was loaded
with an existing conventional hydraulic motor which was used as a pump to
suprly resisting load torque and as a motor to supply an aiding load.

Significant reductions in the hydraulic power normally required,
with a conventional geared hydraulic motor system controlled by proportional
valves, were obtained. However, the measured power reductions were
considerably lower than predicted reductions. The failure to achieve the
predicted reductions, and also the predicted degree of power reversibility
under following (aiding) loads, was attributed to unexpected motoring
resistance in the combined motor, valve, and load pump assembly. It is
believed that most of the resistance was due to flow restrictions in the
distributor valve which could be relieved by the redesign suggested herein.

Frequency response of the hydromechanical portion of the DEHA system
was virtually flat out to 5 Hz and it acted as a second-order system with a
break frequency of about 10 Hz. However, the digital controller response was

iv




deficient in that severe low pass filtering of the input signal was necessary
to enable the stepping motor drive to follow that input signal.

Durability of the unit was less than desired due to unexpected
stress cracking of the rotary distributor valve housing; and, the durability
test was cut short of the planned number of actuation cycles required to
demonstrate 1,000 hours of flight operation. The same design changes which
could reduce motoring resistance would also serve to relieve the high cyclic
stresses experienced with the current design, and would thereby increase unit
durability.

! The program was of value in that it provided a comprehensive
' comparison of digital actuation schemes for a specific application and an
actual demonstration of the load-edaptive feature of the selected concept.

However, since there is a concern about the possibility of a single failure
Jjamming a motor-driven power-hinge system, other load-adaptive control schemes
which can be applied to hydraulic ram type servoactuators may have better
prospects of acceptance.
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I. INTROCUCTION

Present trends in aircraft actuation systems are toward electrically
controlled hydraulic actuators. Centrally located on-board digital computers
or individu2l microprocessors are foreseen to provide the command signals to
these actuators.

Digital computers have been used for many years for inertial
navigation and air data computing systems; and, they are now being developed
for primary flight control systems and for the control of other aircraft
functions such as engine variable geometry controls and radar antenna drives.
Conventional hydraulic ram actuators and motors controlled by electrohydraulic
servovalves are normally used for these tasks. Flight control surfaces are
positioned either by conventional integrated hydraulic servoactuators, which
can accept both mechanical input commands from the pilot and electrical
commands from the autopilot and stability augmentation systems, or by
all-electrical-command “fly-by-wire" actuators with electrohydraulic
servovalves. In each case, the electrohydraulic valves are analog devices;
and, digital-to-analog (D/A) signal conversion is required to adapt them to
digital control systems.

The purpose of the research and development program reported herein
was to examine hydraulic actuation and control techniques that can be directly
controlled by digital computers. The concept desired was to provide an output
of a precise displacement or movement for each electric pulse transmitted from
a computer or microprocessor. Upon identification and analysis of candidate
concepts, one was to be selected and a prototype unit designed and fabricated
and its performance demonstrated in laboratory tests. The unit was to bte
called a digital electrohydraulic actuator (DEHA).

The program description/specifications specified that actuation
concepts that do not require the conversion of digital command signals to
analog form were to be investigated. It also specified that the concepts must
be capable of performing continuous duty, high response, and high cycle rate
type functions. In addition, a preference for concepts which provide direct
rotary output was expressed.




In addition to eliminating the need for electronic D/A conversion
rrovisions, it was deduced that a DEHA system might provide the following
additional advantages over conventional fly-by-wire servcactuators:

a. A finer degree of repeatable position resolution vithout much of tre
hysteresis error associated withk analog systems. This could improve
aircraft tracking and vearon delivery.

b. Elimination of hardover transients due to oren-circuit feilure of a
feedback element. This would eliminate a worrisome failure cffect of
fly-by-wire servoactuators and thereby improve flight cafety.

c. A reduction of the steedy-state quicscent leakage flow associated vithk
conventional electrobydraulic servovelves. This would reduce power drain
and heat generation in the hydraulic supply system.

In addition, it was found that some of the candidete actuator
arrangements could be configured to adapt to changes in load so as to require
less fluid flow per unit of motion et low load tten et bigk load, such as with
2 variable~displacement hydraulic motor. Aircraft rydraulic systems are often
sized by maximum fligkt control 2ctuation rates whict occur at low Toads suct
s in gusty air during landing. The reductions in peak hydraulic flow demands
achieved tkhrough the use of rover-adeptive actuators could allow attractive
reductions in aircraft veight through the use of smaller pumps, bycraulic
lines, reservoirs, and other components.,

In this report, the candidate concepts whict were considered, the
rover-adaptive bydraulic steprer motor actuation system vhick was selected,
and its design and performence are described and discussed.




II. APPLICATICN SELECTICM

The first tesk in this researck and development progrem vas to study
Fotential aircraft applications for a CEHA system, and to select one in order
to define the performence and physical size recquirements for a prctotype unit.
It was epperent thet many utility ancd secondery flight control actuation
functions are viable candidates for control with microprocessors cr digital
computers. It was 2lso clear that the recuirements for continuous-duty
modulating actuation systems, suct as for primery fligkt control surfeces or
engine inlet control devices, are more demanding, end that, if @ concept could
be developed to meet those more demending recuirements, it could elso be
adapted to meet lesser requirements.

Since tre Air Force F-16 Ligrtweight Fighter Aircraft vas just
entevring orerational service and hes a full fly-by-wire flight control system
with actuator reauirements readily aveileble, it was decided thet one of its
actuation systems would make an excellent application for the desired
actuator. The F-1€ rudder actuation system was sclected as thre besis for the
DEFA design, and the detailed design requirements werc hased on the raremecters
of the existing hydraulic servoactuator listed in Table 1. A scrematic
diegram of the actuator is shown in Figure 1.




TABLE 1 F-16 RUDDER SERVOACTUATOR PARAMETERS

1.

3.
4.

6.
7.

9.

10.
11.
12.

(per system)

Type

Hydraulic Fluid
Supply Pressure psi
Rated Output Stall
1b ft @ 3000 1b/in
(Both system Active)
‘aximum Surface Deflection
Degrees

No-lLoad Rate deg/s
Hysteresis Requirement
Threshold Requirement
Response Requirement

at 24 rad/s frequency:

at 140 rad/s frequency:

}orque

Actuator Stiffness 1b-in
rad
Rated Hydraulic Flow

29m
Surface lnertia 1b-in

Tandem Fly-by-wire Hydraulic Acutator
with Mechanical Feedback

MIL-H-5606

3100 Nominal (2800 minimum)

4792

+30

120

3.5% of Peak Input (Total Width)
0.2% of Rated Input

Amplitude ratio - 4db + 0.5db
Phase Shift less than 90 des
Amplitude ratio less than - 32db

2,633,000
4.97
2475
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IT1. PECUIREMENTS AM ORJECTIVES

Following the selection of the F-16 rudder actuation system as an
aircraft function reprcsentative of a potential application for 2 digitel
electrohydraulic aectuator, performance and design criteria pertinent to tke
arplication of a CEHA for performing that function were established. A
Froblem-statement specification was prerared for use in assessing candidate
actuation control concerts and for use in soliciting design proposals from
bydraulic servoactuator suppliers. It included the knovn pertinent
rerformance recuirements for tke F-1€ rudder actuation system and a
rrioritized 1isting of additional characteristics desired in a CEFA system.

3.1 CENERAL PESIGN REQUIREMENTS

In order to obtain equivalence to the F-1€ rudder servoactuator,
including its dual hydrzulic power source redundency, it was decided that only
trose actuation unit arrangements whick include two toroue producing elements,
vhich cen te rowered from two constant-rressure 2,0CC-psi hydraulic sources,
would be considercd, It was 2lso proposed that concepts must be cepetle of
teing configured s an acciptahle aircraft component whick could be installed
within the aft body and vertical fin envelore of the F-1€ aircraft to reflace
the current fly-by-wire dual-tandem lincar anaiog rudder servoactuator. Such
en ectuator vould be recuired to meet 211 pertinent clectric,trydrauv)ic, end
mechanical design requirements normelly specified for aircraft flight centrol
servoactuators.

In addition, it was specified that the control valving for the
Frototyre unit must be capable of responding directly to digital binary-word
infut signels directly from & digital computer or microprocessor to commend
the ectuetor outrut memter to move in step increments of severel sizes. Tre
requirement for capatility to respond to binary-word input signals vas for
convenience. Alttough other codes may be considered ir actuel systems, binery
codes are well known and thke tyre most commonly used in computer data
frocessing.
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The requirement for control velving careble of commanding the output
to move in step increments of several sizes wes specified es a means of
resolving the problem of output rate vs resolution whick occurs whenever e
sterring motor must bte designed to move at a high output rate and also
maintain e carpability for small individual Figh-resolution steps. A sccond
reason for specifying a multi-steprer tyre response wes that almost aeny direct
absolute electrical or hydraulic digital actuator not employing an A/C
feedback wes seen to require 2 response of this tyrpe.

The potential for reducing hydraulic power consumption by skipring
the pressurization of one or more pistons when slewing the rudder at high
rates under relatively lov hinge-moment load conditions was also recognized.
However, since there are other means of obtaining the potentiel power sevings,
piston skipping was not mede 2 requirement.

In addition to hydraulic power sevings, it was recognized that
digitally-controlled actuators could provide improved ectuator positioning
accuracy giving finer control surface position resolution which could improve
aircraft tracking capability and weapon delivery. It wvas alco recognized thet
2 digitally-controlled actuator could te designed to minimize the risk of
hardover failures bty using oren-loop control with a monitoring encoder
feedback used only for condition initializing and Tow-rate error correction.

Cn thke F-16 servoactuators, mechtanical feedbeck to thre
electrobydraulic servovelves is used to reduce the risk of harcdovers vhich is
inherent in units with electrical feedback to thke control valve summing
~ Junction. Fowever, with the mechanical feedback surmed withk the inputs to the
sbrvoya]ve toraue motor et the jet pipe armature, as shown in Figure 1, tre
hysteregfé”enror of the entire servoactuator cen bte no better than that
obtained from the &lectrohydraulic valves btecause there is no place to insert
electronic gain and phasé'éompensation in the servoactuator forvard loop.




2.2 CENERAL PERFCPMANCE PECUIREMENTS

P besic and overriding recuirement was that the DEHA be capable of
meeting tre specified performance requirements currently met by the F-16
cdual-tendem lineer servoactuator. The following general reqguirements vere
elso srecified.

,2.1 Fevement in Discrete Steps

The serve output shall move from one commanded position to another
in & series of discrete steps.

In order to follov 2 tinary word whick can be essumed to change by
least-bit increments during flight maneuvers, a CEHA servo must be capable of
moving in sters corresponding apprroximetely to the least variations of the
input vord.

2.2.2 Use cf Multiple Step Sizes

The size of actuator output steps shall be governed by the rate of
change of the magnitude of the net input digital word. These step amplitudes
shall very &s a binary progression.

This feature was intended to #llow relief of the switching rate vs.
resolution problem. A DEFA system must move an output through a 1imited

stroke at 2 defined rete by @ svitching process vhick produces discrete sters.
Pny cdecreese of tkis least step size will increase the required stepping rate.

Vith multiple sterp sizes, the problem of producing an adequatc stepping rate
would bte relieved,

The use of multiple step sizes was not a mandetory feature, but was
allowed if needed to relicve stepping rate protlems and as a potertial method
of reducing mctor volumetric displacement at high output slew rates.

LRV




3.2.3 Transient Excursions at Low Stepping Pates

For slowly changing input word magnitudes, the servo output shell
move in steps corresronding to the least-bit increment in the input word. No
Targe (greater tkan one least-bit) transient output excursions will be
rermitted in trensition between adjacent least-bit output values.

This stipulation limits the individual output steps to 100%
overshoot of a least-bit step.

3.2.4 Qutput Rate Saturetion

Large transient step commands shall cause the actuator output memter
to move toward the commanded position at a saturation 1imited rate.

Large step commands may occur as at startup of a system; and, such
step commands should be answered by an output response at & pre-determined

Timited rate.

2.2.5 Consequences of Partial Hydraulic Surply Failure

Following the loss of either hydraulic supply system, the unit shell
continue to operate but may suffer an approximetely fifty percent reduction in
output torque capability and a doubling of the leest-bit step size seen at the
output.

It is desirable for hydraulic supply failure to be reflected es a
loss of torque or resolution and not as a loss of control surface stroke.
Loss of surface rate capability could also be tolerated tetter than stroke
loss. This preserves the ability of an aircraft to return to its base and
land after a single hydraulic system power failure.




3.2.6 Consequences of Single Electrical or Flectrobydraulic Valve
Malfunction.,

The unit shall continue to operate with only a loss of output
resolution following malfunction of any single valve or electrical signal
input in any possible valve or signel state.

This requires a functional continuity of the DEHA system following
any conceiveble single component failure.

2.3 SPECIFIC PERFCRMAMCE PEQUIREMENTS

3.3.1 Qutput Rotation Capability

The output member which could be coupled directly to the F-1€ rudder
shall be capable of rotating + 30 degrees.

3.3.2 Cutput Rate Versus Resolution Capability

The PEHA shall be capable of driving the rudder at a rate of 120
deg/s while maintaining a capability to step withk a least-tit increment of
0.06 deg. This does not imply that the 120 deg/s rate must be made up of
0.06-deg steps.

3.3.2 Static Torcue Capacity

The DEHA shall be able to produce e static torque of 4C0C 1b-ft.
with a differential pressure of 28CC psi available to both torque producing
elements.

3.2.4 Qutput Stiffness

Vith only one of the two torque producing elements pressurized, the
blocked-port stiffness of the DEHA at the output member shell te at Teast
400,000 1b-in/rad.




2.5 Dynamic Requirements

a. Load poles, defined as the dominant second-order response characteristic
of the actuator response when driving a rudder mess load of 2,475 1b-1n2,

must bave a frecuency > 40 Hz,

b. Load role damping must be > 0.7 either with or without encoder feedtacks
connected.

3.4 ACCITICNAL CPARACTERISTICS DESIRED

The following additional characteristics, listed in their
arproximate order of importance, were included in the problem-statement
srecification to eprrise the btidders of the target properties which would be
used in evaluating prorosed concepts. It was also stated that it was not
exrected that all of these desirable characteristics would he obtainable with
any given design.

3.4.1 Absolute Positionel Ten-Bit Pesponse

A DEPA servo should be one having an absolute positional response to
@ digitel word of no less than 10 bits. The reference system made up of a
hydraulic analog position servo with an electronic D/A input exhibits absolute
positional response, hence the DEHA can do no less. A 10-bit resolution
giving, 1024 parts of an input variable or output full stroke, was believed to
be a minimum accertable resolution for any specific flight condition. Surface
force gain (sensitivity) at high flight dynamic pressures may require higher
sur face resolution equivalent to more bits in the input word.

2.4,2 Hardover Failure Imunity

A DEFA servo should not be prone to hardover failure upon total loss
of electronic feedback or upon loss of a specific electronic feedback
component. A1l electrobydraulic servos using electronic feedback of output
rosition, or spring fecedback as in the F-16 servos, are vulnerable to hardover
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sur face transients upon loss of the feedback transducer signal, or spring
breakage in the case of the F-16. This is a major arca of potentiel
improvement for a DEHA servo and this area must be exploited in order to
achieve one potential advantage of a DEHA device.

3.4.3 Aircraft Envelope Compatible

A DEMA servo should he adaptable to the minimum envelope
requirements for actuation of a thin aerodynamic surface trailing edge control
surface. Cne of the best means of meeting this requirement with 2 unit
rroviding a direct rotary output, which was an expressed preference in the
contract specifications, is with rotary geartoxes transmitting output torque
to the control surface at its hinge line.

2.4.4 Cood Frequency Pesponse

A DEHA servo should have frequency response to small-amplitude
periodic inputs comparatle to that of an analog type valved-ram servo.

3.4.5 Low Steady-State Power Cemand

A DEMA servo should have smell hydraulic power demand when holding
2gainst a stecady output load. The only significant hydraulic power demand of
a velved rem servo under these conditions amounts to a few tenths of a gmm of
oren-center flow in the hydraulic first stage of each electrohydraulic servo
valve used. Steady internal leakage flow in excess of the amount drawn by a
conventional analog type valve actuator system would be considered a serious
defect in a CEHA system.

2,4,6 Adarteble to Load and Rate

A DEHA serve should be able to run at least two different power
levels in order to adapt its servo power consumption to non-coincident maximum
load and rate requirements. A hydraulic motor commutated by an independent
free-cycling valve system will adjust its hydraulic power consumption to the
load that is applied to its shaft. DEHA concerts which provide comparatle

1




rower savings as an inherent feature of their design were desired. The use of
inderendent variable-ratio or variatle-displacement mechanisms adepted for the
sole purpose of improving efficiency, and which could also bte adapted to
analog units, were not considered accertabtle means of setisfying this
requirement.

3.4.7 Adequatc Load Stiffness

A DEHA servo should be one having load stiffness equivelent to that
of an analog type valved ram servo in the same application. This requirement
insists on output stitfness equivelence to a system consisting of an
electronic U/A converter driving a velved-ram hydraulic servo with & high gain
position feedback. Equivalent output stiffness for toth systems should yield
comparable second order load-pole frequencies for equal mass loading.

3.4.8 PDual Hydraulic System Redundancy

A DEFA servo should have dual redundancy of power supply and velving
inherent in the servo design without additional gross duplication of system
components. This can be restated to say that the simplest accertablc system
having no single-thread failure modes would be considered the best system.

3.4.9 Low Sensitivity to Feedbtack Failure

A DEMA servo should not te fully dependent on an A/D encoder or
similar instrument in a feedtack path in order to achieve a conversion from a
digital input to a rotational position output. Full dependance upon such a
feedback would imply a bigh gain feedback from suck a position sensing
jnstrument. An open-circuit failure of such a sensor would cause an immediate
hardover failure of the actuator system. This was not intended to imply that
an A/D feedback could not be employed in a monitor capacity so long as proper
safeguards against sudden hardover failures were employed.

12




2,4,10 High-Power-Level D/A Conversion

A DPEHA servo should keve /A conversion accomplished at the maximum
rossitle (hydraulic) power level. Candidate PEFA systems could be formulated
which would be nothing more than a rcvised or somewhet improved
{electromechanical) /A converter stage followed by a conventional hydraulic
position-feedback servo. It is difficult to justify suchk a PEHA servo over a
system which uses electronic U/A conversion unless en advantageous combination
of component functions can be erranged between the input signal element and
the motor output of the DEMA. This combination should justify itself by
specific performance adventages such as power economy and immunity to specific
failures,

3.4.11 Minimum Valve Complexity

A PEHA servo should achieve @ maximum bit Tevel of resolution with @
minimum number of discrete hydraulic velving elements and/or valve stages.
This wes required simply to make the resulting CEHA cost competitive with a
conventionel system using an electronic D/A conversion.

13




IV. CONCEPT SELECTICN

The next major task was to select a single concept with sufficient
merit to warrant development of a prototype unit. This was accomplished by
reviewing existing digital actuator tyres, deriving additional concepts as
necessary, and evaluating those designs which had the potential for meeting
the stated requirements and desired objectives.

4.1 INDUSTRY SURVEY

A survey letter requesting information about concerts which could be
offered as candidates for consideration was sent to twenty-four hydraulic
equipment manufacturers. It was found that a number of them have acquired
considerable experience and were marketing digital-control actuation systems,
including the microprocessors and encoders, for industrial uses such as flow
control and for positioning machine tool workpieces. Some of these systems
include electric stepper motors for controlling hydraulic or pneumatic valves,
and others use multirle solencid valves. A number of them had also
investigated digital-control actuation schemes for aircraft applications and
jet-engine fuel controls.

Although many of the schemcs depended on electronic digital-to-2znalog
conversion, they did contain one or more components which could be used in 3
DEHA system. At least three different hydraulic stepping motor schemes were
outlined by various manufacturers. A1 full parallel digital actuators found
in current use were of a type requiring cascaded spool valves, one valve per
resolution bit, and were typicelly used for positioning in machine tools.
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4.2 EFFORTS TC COBTAIN A SUBCONTRACTCR

After reviewing the information obtained, it appeared that tre
requirement to provide a DEMA unit with per formance equivelent to the existing
F-16 electrohydraulic servoactuator would eliminate all btut absolute or
rarallel digital servos whick will reproduce the weighted value of the sum of
all of the bits of a digital input word in the form of a proportional position
output. Althougk none of the companies contacted had an existing concept for
the flight control application, it was believed that several were capatle of
generating one, Therefore, the problem-statement specification noted in
Section III, outlining the design and per formance recuirements, and noting the
acceptable design approaches for the actuator type and the primery ¢lements,
was sent to the fourteen most promising suppliers. They were invited to
submit proposals for the design and fabrication of a small-scale model and tvo
full-scele prototype DEHA units.

Twelve of the selected suppliers declined to bid; however, the
following two did submit bids, and their proposed concerts are described in
subsections 4.2.2.2 and 4.2.2.2 respectively:

Sundstrand Aviation Mechanical
> Bendix Electrodynamics Civision

4.2 ACTUATICN CCNTRCL CONCEPTS CCNSIDEPEL

In the following subsections, eack of the control concepts
considered are identified. Pecause it is difficult to distinquish digitel
control mechanisms according to different designs and different system
techniques, they have been categorized according to signal structure. That
breakdown results in the use of the terms parallel-digital (ebsolute) control
and incremental-digital (stepper) control.

4,2,1 Parallel-Ligital Acutation Control Concepts

The essential feature of a parallel digital wordstream is embedied
in the simultaneous update of each of its bit states at eaually spaced time
intervals controlled by a computer clock. The output of a digital

15
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electrobydraulic ectuator responding to suchk a signal must be cither a
displacement, velocity, or force prorortional to the sum of these timely
coincident weigkted kits of tre refercnce input wordstream. The summing
rrocess can be cdone with eny one of the three tyres of meckenization
identified in Figure 2 whick are discussed telow.

4,2.1.1 Differential Pcsition-Summing Arrangements

A numter of arrangements, where the output positions of several
actuetors whick cen be commended to eitter their fully retracted or fully
extended positions and are differentially summed, can bte considered either as
a final output stege or as a pilot stage to a mechanical-input servovalve used
to position @ linear piston servoactuator or a btydraulic motor.

Cne such type is a cascaded piston arrangement such as shovn in
Figure 3a, witk rams hkeving binary weighkted strckes whose stroke lengtks vary
from eact otter as in a binary progression (1X, 2X, 4X, 8X, etc). Fact piston
is controlled bty a two-position three-way velve. Supply pressure acting on
the rod-end side of the pistons keeps eech ram retracted until its head-end w
side is pressurized to move it full stroke against its stop. The numter of
outrut rositions (N) is determined bty the number of pistons as p=2" eg:16
positions for the 4-riston unit skown. Therefore, it is seen that ten pistons
would be required to obtain the 1,024 output positions necessary to meet the
specified position resolution requirement of the F-16 rudder.

Anotker arrangement of this tyre uses a cascaded array of
three-input-terminal swask-plete differential meckanisms as shovn in Figure
2b. Each input terminal is positioned bty a two-position piston controlled by
a solenoid velve; and, the piston strokes very as in a binary progression. To
accomplish this tinary weighting, both the stroke ratios of the pistons and
the input-output ratio of the individual swash-rlate devices mey be used to
rclieve the apparent recuirement for a 512:1 ratio between required piston
strokes to ottein a ten-bit device. ’
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Figure 3a Cascaded piston actuator
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Figure 3b Cascaded array of three-input-terminal
swash-plate differentials positioning
hydraulic motor control valves

Figure 3 Differential position-summing actuation
and control arrangements ‘
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Pott of these arrangements reauire @ lerge number of valves and
dynamic seels to control and secal the multiplicity of actuator pistons. Aside
from bteing reletively complex, the scheme yiclds unacceptable trensient
bekevior when responding to @ smeothly varying input signal. Tris transient
disturtence originates in the nature of @ binary scquence where, for example,
countirg from seven to cight implies the removel of seven unit bits and the
addition of eight unit bits. To eveid transient output excursions, such
significant adding rrocesses must be accomplished simultaneously, since any
time mismetch may result in an unaccertable transient disturbence of the
output. This approech was eliminated btoth for its complexity and for its
unsolved transient problem.

4,.2.1.2 Cascacded Velve Arrangements

A numbter of arrangements vhere velves ere cescaded to generate an
ebsolute positionel outrut by encoding tre input signal to least-bit spaced
receiver ports controlled by the actuator output cen be considered. Cne such
tyre, sbhown in Figure &, uses bott suprply end return ports for fixed-point
control. Tke three-Fit actuator shown bes three scts of output piston
metering lands actihg es control elemerts. Chember C1 and C2 are controlled
by thrce tvo-rosition solenoid valves with multi-forting arrangements.
Pressurizing the riston moves the actuator and 1ced with the output stopping
2s soon as the piston lends rtelance the suprly end return ports.,

Since 211 such arrengements reaquire a separate spoel velve or
ccuivelent for eack tit count cf tke parallel digital input word, ten-tit
units suck es recuired for the F-16 rudder aprlication would require ten
valves. This epproect was eliminated on the tasis thet a design with ten such
vaelves and the necessary fluid passages and rorting would te too complex for
rracticality.

4.2.1.2  first-Stege Tereue-Summing Arrengements

Tre third of the three parellel-digital control concepts considered
orerates in the first stage of an electrokydraulic actuetion system through a

sumeticn of torques developed by the armature of an electrotydraufic
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Figure 4 Cascaded valve arrangement
(for a three-bit parallel digital actuator)




servovalve torque motor or equivalent device. Such arrangements provide 2
numter of individual torques or forces equal to their weighted bit count and
those torgues or forces are bit-weighkted to te proportional to the elements of
the digital binary word. A feedback torque proportional to the control

sur face output deflection is added to this summed torque and tke resulting
output torque is amplified to produce a hydraulic flow to an actuator ram or
hydraulic motor. The resulting device is relatively simple end takes the
general form of an electrohydraulic servovalve.

Cne such torque-summing arrangement is shown in Figure 5a vhick
illustretes an electrohydraulic servovalve with several electrical coils. The
total numbter of turns of all coils equals the number of turns of a single coil
whick normally is used in analog servovalves. Input signals, all with the
same voltage, create different torques due to binary staging of the coil
turns, ond with a total numter of torque combinations equal to 2", where n
equals the number of coils.

This approach was initially rejected for two reasons. It appeared
that precise bit weighting would bte very difficu't to achieve at the low
torque levels whick would be produced by the incrementel coils of a torcue
motor input; and, some inital reservations about this scheme ceme from its
rather obvious similerity to the conventional form of an electronic D/
converter. In a later consideration of the possibilities of this approach,
two methods of overcoming the initial objection involving the low-level torcue
summing in the servovealve torque motor were devised. They are presented here
for the possible use of future innovators in tkis field. Povever, it skould
also be noted that, for fine output resolution requirements such as the
ten-bit requirement for the F-16 rudder, an equivalent number of switching
valves is reaquired.

In the arrangement shown in Figure 5b, the bit-weighted torque
sutmed on the armature element is produced by a system of rolling ball pistons
in which both ball diameter and lever arm to the armeture fulcrum are used to
set bit weights. Three-vay on-off solenoid valves are used to energize the
bit pistoné. The mein adventage of this scheme is in the high level of torque
which can be summed on the input armature element which makes for a system
having very high precision and potentially very high respronse bandpass.
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In the arrangement shown in Figure 5c, the torque Summing is
accomplished with the same tall piston scheme illustrated in Figurc 5t;
however, output position feedback is obtained from an output skaft enceder
instead of from & spring feedhack to the armature element. The individual bit
outputs of the output encoder are each used to drive one terminal of one of
the input solenoid coils vhcre the oprosite terminal of that center-tarped
coil is connected to the seme eppropriate bit of the input command signal.

Another possitle configuration, whict should bte mentioned, has the
form of Figure 5b but omits the srring feedtack of output rosition bty simply
grounding the rigtt end of the feedbaeck spring shown. An output encoder is
used in thris case to feed surface output rosition to the centrel control
computer vhick generates the error signal to drive the input solenoid coils of
the input velves.

4,2,2 Incrementel-Pigital Actuation Control Concefts

Incremental or sterping actuators respond to signels which reflect
only 2 change of svitching state in the Towest order two bits of a2 parellel
kinary signal. Electrobydraulic steprers are devices that trensform a stream
of lov-rover electrical pulses into kigk-rover mechanicel metion. To reack a
given rosition or velocity, a ckronological seguence of single pulses in thke
ferm of a pulse train is required. The total output travel is proportional to
the numter of pulses, and velecity is rproportional to the switching pulse
rete. Three typres of mechkanization are identified in Figure 2 and are
discussed telow.

4.2.2.1 Pydreulic-Amplified Stepping Metors with ket Position-Errcr Storage

These are conventional bydraulic positional servos amplifying the
rower Tevel of the positionel output of an clectric stepping motor. /An

electrotydraulic stepring motor (EHSH) is a combination of an electric
stepping mctor and a hydraulic motor.




FHSMs are used as bhigh-torcue higk-speced mechine tool drives whose
output motion is so rrecise and repcatatle thet position feedbeck may not be
needed in the machine's positioning system. That is, the positioning systcm
orerates open lcop rather than closed loor as most hydraulic scrvomechenisms.
For mechkine tool applications, EFSMs can help solve suctk problems as:
accurately rereated positioning; rrecise, variatle-speed control; and accurete
acceleration and deceleration.

Starting in 1970, Hydreulics & Pneumatics magazine hes published @
number of articles on the subject; and in 1972, two articies regarding the
performance and specifications of EFSMS. The first, Peference 2, defined the
terms usuelly used to describe the srecifications and performance of
electrohydraulic stepping motore witk special empbasis on electric stepping.

The second, Reference 4, presented specification charts and rerformance curves
for the six EHSMs available in the United States.

In a Vright Aeronautical Laboratories' development progrem conducted
by the Lockheed-Georgia Company in 1975 and 1076, and documented ir Feference
5, an EHSM using an aircreft bydraulic motor was constructed by the Abex
Corroration Aerosrace Division and eveluated for use in actuating aircreft
utility functions. That design, shown in Figure €, wes called an
electrohydraulic pulse motor. It has a conventionel mectanical-input
servovalve driven by an electric stepper motor througr a screw differential
which sume the valve input with the higk-gein feedback of Fydraulic mector
output position. In addition, an output encoder feedback circuit around the
electrical sterper motor was provided.

Although it hes been concluded thet suchk systems lack sufficient
bandpess to be considered acceptable for flight control aprlications, tkere is

® no inherent reason that adecuate response cannot be ottained. Fovever, it

@ became very clear during the course of this program that further wvork is

| required on stepping motor ramping control to improve the response of this
element to a level comparable to that of the contemporary hydraulic enalog
tyre rosition servo.
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4.2.2.2 Electrohydraulic Steprers vith Stepwisc Positicn-Error Storage

Linear-output rem actuators of this tyre known as electrohydraulic
Tinear stepper actuators (ELSA) bave been developed and demonstrated by the
Air Equirement Division of the C.B.A. (Cucillier, Pendix, Air Equipement)
corporation in France. A typical ELSA design, shown in Figure 7, generates
step outputs by a bydraulic bridge action in which upstream orifices are
controlled in an on-off mode while downstream feedtack orifices are formed by
fixed transmitter-receiver ports modulated by grooves in tke piston tail rod.

P separate system of solenoid-operated selector velves, or
combination of velves, alternately connects one of the four fixed transmitter
rorts to system pressure, its adjecent port to returrn, and closes the tvo
orrosite rorts. This connects one of the receiver-port grooves to either
rressure or return so that the head-end side of the ectuator piston is cither
rressurized to allow one stepwise move to the right, or is vented to return to
allov one sterwisb move to the left. Thus, the four transmitter rorts will
provide four output positions for each receiver groove.

Individual steps are mede dircctly et 2 very bigh rower Tevel with
damping of transient step response comparable to that of a conventionel
hydraulic valved ram or motor servo. Tre basic problem of all stepping motor
type devices, which limits their dynamic response, is their tendency to lose
rtase lock with the input pulse train when subject to sudden and repeated high
acceleration demands. The ELSE tends to elleviate this phese-lock rroblem by
simply reising the accelerating force or torgue carpability of the stepper to
more-or-less overpower the problem,

The following veriations of the basic ELSA design beve also been
demonstrated by Fir Equirement:

2. A coarse-ster ELSA series coupled to & vernier ELSA.
This allows fester slewing of the initial motion folloved by stepring in

fine increments to the finel position.
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b. An ELS? combined differentially with an absolute vernier.
The vernier unit, with three binary-weighkted two-fosition pistons acting
on a swash rlate, can bte commanded simultaneously withk the ELSA inputs to
resolve out least bits while the course-step ELSA follows the input signal.

c. A rotary valve which serves the ELSA equivalent function of
transmitter-receiver porting can be coupled to and commanded to control
either & hydraulic motor or ram.

A schematic of one suck unit is shown in Figure 8.

In the DEHPF arrangement submitted by the Sundstrand Avietion
Mechanical Division, in response to the problem-statement srecificetion noted
in Sections II] and 4.2. they prorosed a system utilizing a dual-linear
hydraul ic-stepper pilot stage. This could be used to drive the main pover
control valves of a conventional analog linear servoactuator or the

meckanically-controlled servovalves in a hydraulic-motor-driven rotery

actuation system such as the system they designed for actuating tke
intermediate and upper rudders on the B-1 bomter. The proposed system
included two major subassemblies as follows.

a. Dual Linear Fydraulic Stepper Pilot Stage

This unit was made up of two ELSA's each controlled by two 2-position
3-way solenoid valves; and the two ELSA's were mechanically linked as
shown in Figure 9 to sum their outputs. Each ELSA hed an additionel
solenoid byrass valve and position sensor, and a third sensor mcnitored
the position of their output summing link. These are shown in Figure 1C
which shows the dual ELSA pilot stage connected to the power drive unit of
the B-1 rudder control system.

b. Pigital Actuator Controller
This is an electronic control circuit which accepts the digital input

words for controlling the ELSA stepping solenoid valves. It provides a
continuous monitoring error correction carpability plus the cerability for
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Figure 9 Dual ELSA pilot stage proposed by Sundstrand
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initialization, to bring the output in agreement with the input command
upon startup, and error correction following a major failure of either
ELSA unit.

The prorosed ELSA actuators are the type developed by the Air
Equirement Division of CBA in France which has a licensing agreement with
Sundstrand. They have a source-pressure-biased untalenced-area piston and a
grooved tail rod vhich slides in a close fitting sleeve containing four fluid
transmitter ports alternately controlled to pressure and return by the two
soleroid control valves. The grooves in the tail rod act as receiver ports,
and four incremental positions are obtained for each groove.

The digital actuator controller would provide step commands to each
ELSA unit in an alternating cycle to move one ELSA unit at a time. Loss of
hydraulic pressure or any other detected malfunction of an ELSA unit would
cause that ELSA cylinder to be bypassed. Such bypassing causes the combined
steprer package to double its output step size and to continue operation with |
no loss of output stroke. The LVPT's and A/D converters act as digital

; feedback monitor encoders to sense the output position of each ELSA unit and
' compare tris output with the input command word.
E
]

Cne probtlem with the ELSA approach, as shown in Figures 7 and 9, in
relation to the F-16 rudder application, is the large number (256 total) of
receiver grooves which vould te required in the two piston tail rods to obtain
the 1,024 sters required to give the required (10-tit) degree of resolution.
Even with two units, as proposed by Sundstrand, the required 128 grooves seems
impractical.

4.3.2.2 Stepper Motors Vith Hydraulic Incremental Torgque Rebalance

In viewing the shortcomings of the foregoing concepts, an attempt
was made to derive alternate approaches; and, from that effort, a number of
additional digitally-controlled actuation concepts were formulated. The most
promising vere those utilizing hydraulic motors witk external commutating
distributor valves to port fluid sequentially to individual motor pistons in
response to incremental input commends. Such arrangements have the properties
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of a stepping motor while, at the same time, allowing the gross phase error
between input and output to float as a function of output torque so as to
achieve a ‘raree of power adaptability in order to make the hydraulic rower
consumption responsive to output loading. It was postuleted that a signifiant
reduction of the hydfaulic flow normally required for slewing at righ rates
under low-load conditions could bte achieved due a torque-adaptive power
turndown which reduces the effective displacement of the motor pistons. This
phenomenon is described in Appendix A.

This approach also shares an adventage witk all of the otber
incrementel actuator forms previously mentioned in that it is less vulnerable
to sudden catastropbic berdover failure induced by loss of position feedteck
continuity than are the more conventional forms of analog electrohydraulic
position servos. This adventage results from the elimination of the need for
a kigk-gain position feedback to give a high-frequency response. Only a
Tow-gain monitor feedback of output position is required by any of the

foregoing incremental servo devices.

A numter of configurations of this typc were derived. The two shown
in Figure 11 each utilize electric-steprer-motor-driven rotary distributor
valves to control two hydraulic motors constructed without the normal
kidney-slot internal-commutating valve plate. The arrangement shown in Figure
11a has two fixed-cylinder-tlock hydraulic motors, and rotary valves which
rort fluid to the individual pistons in each motor which act against its
rotating swash plate to drive its output shaft. The arrangement shown in
Figure 11t has two rotary-cylinder-tlock motors, and rotary valves which rort
fluid to the pistons in eack motor vhich react against its fixed swash plete
to drive its cylinder block and output shaft.

In eack configuration, the hydraulic motors operate essentially oren
loop with no correctional position feedtack to the rotary valves. However,
shaft encoders are used to close a low-gain monitor position 1oop around the

steprer motor.
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Figure 1la System with fixed-cylinder-block hydraulic motors
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Figure 11b System with rotary-cylinder-block hydraulic motors

Figure 11 Electrohydraulic stepping motor arrangements
with external-commutating rotary valves
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Cther arangements similar to the configuration with two
fixed-cylinder-block hydraulic motors shown in Figure 1la, except with the
individual pistons of eack motor ported to supply or return pressure by
electrohydraulic switching valves rather than stepper-motor-driven rotary
valves, were also considered. Vith three-state four-port valves, which can
alternately port one cylinder port to supply and the other to return or both
to return, one velve can be used for each pair of motor pistons. As shown in

Figure 12, three valves can be used for each of two six-piston fixed-cylinder-
hPlock motors.

As in the arrangement shown in Figure lla, the hydraulic motors
operate open loop, and shaft encoders are used to close a monitor position
loop around the digital controller. This arrangement also offers the power
saving advantages common to ell externally commutated motors.

In the DEHA arrangement submitted by the Bendix Electrodynamics
Division in response to the problem-statement specifications, they proposed a
stepper motor controlled version of their Dynavector-type rotary hydraulic
actuetor which included the following five major subassemblies:

a. HFydraulic Digital Dynavector
Two rotary output actuators, each comprised of an integral captive-vane
hydraulic orbital motor and epicyclic gear transmission based on the
Eendix Cynavector principle, mounted back to btack to a hydraulic menifold
and attached to an output torque tube by means of an internal spline in
the output shaft of each unit.

b. Fotary Valve
A dual-tandem valve, driven by an electrical stepper motor, mounted on the
Fydraulic manifold to alternately port system supply and return pressure
to the chambers of the Dynavector motors.

c. Electrical Stepper Motor
A Sigma Instruments Series 20-2235-D200 stepping motor mechanically
coupled to the rotary valve.
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Figure 12 Electrohydraulic stepping motor arrangement
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d. Controller

A modified Sigma DMC-1C programmable stepping motor controller FModel
29002-1.

e. Electronic Drive System
A Sigma Pipoler chopper drive, rower supply and chassis unit, Fodel
29B13-XXX.

The proposed Lynavector rotary actuator shovn in Figure 12, was a
special version of their analog type with control of the chamber pressures
accomplished ty use of the external rotary valve rather than by internal
commutation as normally used. The high-speed low-torque output of the motor
was converted to high-torque at low-speed in one step by the 45:1 transmission
ratio of the epicyclic gearing. The motor would respond to the discrete
command positions of the rotary valve to produce discrete output sheft
positions without direct position feedback.

The tandem rotary valve, driven by the stepper motor, would rort
fluid from two separate hydraulic systems to the two Dynavector motors. The
valve porting which is arranged to ensure pressure talance on the rotating
spool, provides a transmission ratio of 2:1 between the valve and Cynavector
motors which serves to decrease the required stepping rate and dynamic torcue
required from the stepper motor.

Three unloading pistons, located 120° apért as shovn in the endwise
cross-section view of Figure 13, serve tc decourle one or the other Cynavector
actuators upon loss of its supply pressure. Pressure from the active system
displaces the pistons on the depressurized unit inward disengaging the two
gears of the epicyclic transmission.

In the assessment of their proposed arrangement, it was concluded
that if it were modified with an absolute output encoder and error correcting
circuitry in the electronic controller, it would fulfill many of the specified
requirements and objectives. With the encoder used in a low-gain error
correcting cirucit, the system would operate as an incremental digital
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actuator with rerformance equivalent to that of the reference system but
without the certain probability of a hardover transient upon oren-circuit
failure of the feedback element. Another attractive feature was that, with
its externally-commutated rotary valve, the motor unit had the potential of
effectively edapting its displacement volume to demand only that amount of
hydreulic flow necessary to meet the imposed power demand. tHowever, suckh
power saving would be partially negated ty the relatively high internal
leakage rate across the Dynavector vane elements.

More importantly, there is a serious question about the use of a
Cynavector unit as a primery flight control actuator. It is not easily
adapted to the minimum space envelopes available for installation in thin
aerodynamic surfaces, and its stiffness mey be inadequate for some
aprlications.

4.4 CONCEPT EVALUATICN AND SELECTICM

The selection of one system arrangement for further development,
vas made by evaluating the candidate designs in regard to their rotential for
providing the following desired advantages which are ahove those originally

anticipaeted:

a. Elimination of hardover transients due to open-circuit failure of a
feedback element.

b. A significant reduction of the hydraulic flow required for slewing at high
rates under low-loed conditions.

c. A reduction of the steady-state quiescent leakage flow associated with
electrohydraulic servovalves.

4.4,1 Candidate Arrangements Selected for Final Evaluation

None of the concepts considered exhibited an obvious clear-cut
superiority over the others. Therefore, they were all examined to determine




which could provide &ll or most of the desired advantages noted atove. The
following components are considered the major elements which provide those
advantages:

a. The use of an output encoder to close an error-correcting monitor loor
vith a 1imited rate of error correction, when used in conjunction with e
stepping motor drive, eliminates the possibility of sudden tardover
transients due to open-circuit failure of a feedbtack element that exists
with analog servoactuators.

b. The use of a hydraulic motor with an external-commuteting control velve
system in an open-loop circuit allows a fixed-displacement motor to adjust
its hydraulic flow demand to accommodate variable applied loads and
provide significant reductions in peak flow demands for slewing at high
rates under Tow-load conditions.

¢. The use of closed-center control velves eliminates the constant quiescent
leakage flow associated with conventional electrohydraulic servovelves;
and, the use of piston-type hydraulic motors avoids the bigh internal
leakage associated with other motor tyres.

None of the parallel-digital actuation control concepts discussed in
Section 4.2.1 embody those elements. In addition, they were 211 considered
somewhat complex due to the large number of valves necessary to obtain the
required ten-bit equivalent output resolution. Therefore, they were dropred
from furtker consideration; and, the final evaluations were confined to the
incremental-digital concepts.

4,4,2 The Selected Concert

A1l of the incremental-digital concepts discussed in Section 4.3.2
can be arranged to provide two of the desired advantages noted above; ie:
elimination of hardover transients due to feedbtack failures and a reduction in
quiescent leakage flow. However, only the stepper motors with hydraulic
incremental torque rebatance through the use of closed-center valving to
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externally commutate hydraulic motors had the capability of adapting to the
load torque in a manner whick would reduce hydraulic power and flow demands
under low loads, and the potential for returning power and flow to the
hydraulic supply system under 2iding loads. These characteristics, although
not specifically tied to digital control, had not been demonstrated before and
arpeared to be worthy of pursuit.

In addition, suck arrangements with rotary distributor valves driven
by electric steprer motors appeared to be reasonably simple in comparison with
most of the other equivalent types, and they required fewer parts. Therefore,
in view of its power-adaptive capability and relative simplicity, this concept
was selected as the most promising and with sufficient merit to warrant the
development of a prototype unit. The next step was to determine the best
design arrangement of individual components of such a system which could best
meet the design and performance requirements and objectives.

4.5 COMPCNENT SELECTION AMD APRANCEMENT

In adapting the selected approach to an aircraft rudder actuation
system, it was necessary to consider a number of important factors before the

detailed selections of component tyres and their arrangement could be made.
Those factors included the following:

a. Means of transmitting torque to the rudder surface.
b. PMeans of combining the outputs of two hydraulic motors.

c. Meens of overcoming hydraulic failures and jams.

Following the selection of those means, the major subassemblies and component
choices were made.

4,5.1 Means of Generating, Combining, and Trensmitting Torque

4.5.1.1 Torque Generation and Transmission Elements

The following means of generating and transmitting torque to the

control surface were considered:




a. Hydraulic motors driving hinge-line rotary gear actuators through a
high-speed torgue shaft,

b. Hydraulic motors driving a low-speed torque shaft through a close-coupled
gearbox.

c. Direct rotary actuators such as vane types.
d. Linear actuators driving helical spline couplings.

The latter was rejected as not meeting the desired intent of the
contract specifications since there are a number of other actuation services,'
such as secondary flight controls, antenna drives, and gun drives, which are
good applications for digitally controlled hydraulic actuation with hydraulic
motors but are not adaptable to the limited rotation provided by helical
splines. Direct rotary vane actuators have the same shortcomings in addition
to bhigh internal lecakage which has limited their use for other aircraft
actuation applications.

Of the two arrangements for using hydraulic motors, systems which
transmit the motor output through low-torque high-speed shafts to rotary
gearboxes mounted on the surface hinge line, such as in the E-1 rudder sytem,
are considered surerior. They provide an efficient structural tie and
distribution of torque from the control surface to its supporting fin. More
importantly, with the major speed reduction gearing at the hinge line, the
torsional stiffness of the torque transmitting elements tenefit from the
retative irreversibility of the hinge-line gear units. Systems using
hydraulic motors close coupled to a gearbox to drive directly into a centrol
surface torque box may not meet system stiffness requirements vithout a severe
weight penalty required to obtain adequate surface torque-box stiffness.

4,5.1.2 Means of Combining Motor Torques and of Overcoming Hydraulic Failures
and Mechanical Jams

Both the use of two motors driving the high-speed torque shaft
through a torque-summing gearbox, and two motors coupled in a velocity-summing
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arrangement with differential gearing were considered. Examples of these
arrangements, as applied to the F-16 rudder system, are shown in Figure 14,
There are a number of arguments, pro and con, for each.

The tor que-summing arrangements will generally te easier to instell
since the hydraulic motors and torque-summing gearbox would be mounted at the
base of the fin behind the fin rear spar and the one output shaft aligned with
the rudder hinge axis as shown in Figure 14a. Vhereas, with the
velocity-summing arrangement, the hydraulic motors would be mounted, one ahead
and one behind the rear spar, with two separate motor output shafts running
parallel to the rudder binge as shown in Figure 14b. Thus, it is seen that
this velocity-summing approach has the obvious weakness thet it leaves little
room for either aerodynamic balance area or counterweights ahead of the

surface hinge and causes a structural weight penalty by introducing cutouts in
the rear-spar web. With the exception of the rear-spar structural problem,
these factors do not apply to the F-16 rudder whick has neither countcrveights
nor forward 2erodynemic balance area. However, these features may be used on
other aircraft which would make the application of velocity-summing pover
hinges difficult.

Another problem, common to all multiple-drive rotary-output
actuation systems, is how best to ensure continued operation in the event of
power supply failures or jams. In a dual hydraulic drive system, continued
oreration must be ensured following failure of the hydraulic supply to either
of the two drive units. Vith two hydraulic motors coupled in a torgque-summing
arrangement, it is necessary that the inactive drive motor bte made to either
free wheel or be declutchted so that is does not prevent the active motor from
transmitting power to the output shaft.

None of the torque-summed systems provides a means for continued
operation following a jam in the output gearing, however. This is a general
problem with such systems, including the B-1 rudder system, and e11 parts must
be designed as well as possible to minimize the possibility of jemming. An
alternative which can be considered for some aircraft is the use of redundant
control surfaces each driven by a separate actuation system.
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IC-JL/’
TWO INDEPENDENT HYDRAUL POWER HINGE UNITS

DRIVE UNITS

14b Velocity-summing arrangement

Figure 14 Typical installation arrangements of
a DEHA rudder actuation system
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A velocity-summing system would use two independent hydraulic motors
with outputs mixed on a final differential gear set at the surface hinge
output. The motors would each require a pressure-released bhrake to provide a
reaction point in the event of a hydraulic system pressure failure. Such a
system protects itself automatically against seizure of either motor or main
gear reduction unit since, with the differential gearing, the active motor
will continue to supply output torque to the surface.

For the prototype demonstration unit, a torque-summing arrangement
was selected, partially because a precedent has already been established for
torque summing on the B-1 rudder system, but primarily because it would te
less complex and would be assembled at lower cost than a velocity-summing
arrangement.

4,5.2 Vajor Component Cecisions

4,5.2.1 Fixed-Cylinder-Block Vs Rotary-Block Hydraulic Motors

An electrohydraulic stepper motor could be built around cither a
fixed-cylinder-block or a rotary-cylinder-block hydraulic motor. Each type of
motor had a numbter of basic advantages and drawbacks which are diagrammed in
Figure 15. A decision was made to develop a fixed-cylinder-block
“barrel-engine-tyre" hydraulic drive motor with a kigh cam angle, especially
for this program, to reduce starting friction. The reasons for this choice
were as follows:

a. An exisitng high-torgue small-step-angle electric stepper motor could be
adapted to either & six or nine-piston hydraulic motor by the use of a
multi-phased rotary valve, whereas only a single-phase valve, could be
used with a rotary block design. With a single-phase valve, stepper
rotation and hydraulic motor rotation would be identical. This would have
required the use of a large angle stepping motor; 15 deg/step for a
six-piston motor pair or 10 deg/step for a nine-piston motor pair. The
rotary-block design would have dictated a special design for a stepping
motor having its permanent magnet structure in its outer element or field
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ring assembly, while the wound poles would have been placed in the central
armature. Mo such stepping motor was readily available in a righ-torque
10 or 15-degree step angle version. Cn the other hand, the fixed-block
motor was compatible with the use of an available stepping motor.

b. The required steps to modify an existing rotary-block hydraulic motor to
incorporate & spool-type rotary valve within the motor cylinder block
arpeared to be as costly as the design of a complete fixed-block motor.

The decision to undertake the design of a fixed-block motor was made
before a practical method of configuring a free-commutating rotary valve with
a rotary-block motor had been discovered. Such a practical method of coupling
a valve and rotary-block motor was devised later and is included for
reference as Figure 16.

4.5,2.2 Number of Hydraulic Motor Pistons

Either @ six-piston or a nine-piston hydraulic motor could be
adapted to run with a step sequence set bty an existing electrical stepping
motor. The factors governing this choice are as follows:

CHOICE OF A 6-PISTON vs A 9-PISTON
HYDRAULIC MOTOR UNIT

6-PISTON MOTOR 9-PISTON MOTOR

FACTORS OF CHOICE
—— REQUIRED A 4 OR 6-PHASE |— MOST COMPATABLE WITH ROTARY -
VALVE SYSTEM WHEN USED CYLINDER-BLOCK MOTOR SYSTEM
WITH A FIXED~CYLINDER- REQUIRING SINGLE PHASE VALVING
BLOCK MOTOR

— REQUIRED A 2 OR 4-PHASE

L STANDARD "HARMONIC DRIVE® VALVE SYSTEM WHEN USED
WITH A FIXED-CYLINDER-

ENCODER GEAR REDUCTION BLOCK MOTOR

COULD BE USED

L. SPECIAL SPUR-GEAR ENCODER
GEAR REDUCTION REQUIRED
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A decision was made to use a six-piston motor after a fixed-cylinder-tlock
motor design had been selected. The reasons for this decision were as
follows:

a. Valve porting for a four-phase, nine-piston-motor valve would be somewhat
less practical due to the resulting close circumferential sracing of valve
sleeve ports unless valve spool diameter were increased above the diameter
required for an equivalent six-piston-motor valve.

b. A two-phase nine-piston-motor valve recquired a stepping rate higher than
that guaranteed by the stepping motor manufacturer, tentatively chosen to
be Sigme Instruments Inc, assuming that motor size and output gear ratio
were fixed.

c. Motor-to-encoder gear reduction for a six-piston motor could use an
available 80/1 harmonic drive gear reduction unit., The use of a
nine-piston motor required a spur gear reduction set in addition to the
high power gears mixing torque from the hydraulic motors.




4.5.2.2 Valving Schemes

Several types of valving schemes could be used to drive a

multi-piston or many-chambered vane type hydraulic or pneumatic motor. The
following potential choices were considered:

CHOICE OF A ROTARY VALVE vs INDIVIDUAL
3 OR 4-WAY SWITCHING YALYES

MULTIPLE ELECTROHYDRAULIC
SPOOL OR POPPET VALVES ROTARY VALVE
AT ATy SINGLE PHASE | |MULTIPLE PHASE

A decision was made to develop a system around a rotary spool valve

driven by an electrical stepping motor. The reasons for this decision are as
follows: ‘

a.

A system consisting of two six-piston bydraulic motors and using & total
of six four-way electrohydraulic valves would require twice the
power-hinge gear reduction ratio required of a rotary valve system having
the same number of pistons in order to give comparable resolution and slew
rate. Such a bhigh reduction ratio vas believed to negate the potential

2dvantage of motor power reversibtility which was theoretically available
from either system.

Doubling the number of electrohydraulic valves to twelve would have
allowed. equal output gear ratios for either multiple-valve or rotary-valve
systems. This doubling of the numter of individual valves was judged to
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be impractical because of cost, space required for valves, and because of
probable valve reliability problems.

A tyre of hydraulic pressure switching valve having thrce output
states on its two load ports (these states are 1-0, 0-1, and 0-0) could have
been de&cloped. Use of such valves would have reduced the number of velves
required back to six. Cevelopment of such electrohydraulic velves was judged
to be beyond the scope and financial resources of this program. A possible
design for such a switching valve is illustrated in Figure 17.

4,5.2.4 Electric Steprer Motor Choice

The selection of an electric stepping motor to drive the rotary
hydraulic valve was made in conjunction with the choice of motor piston count.
Cnce the piston count had been selected, the least-tit input stepping motor
rotation was set at 2.75 degrees. Factors in this choice are outlined below.

CHOICE OF SIGMA ELECTRIC STEPPER MOTOR
OVER OTHER SIMILAR UNITS

SPECIAL SIGMA-TYPE OTHER EXISTING MOTOR
M STan MZPc | | moTorwiTh 3.75 DEGReE | | WITH 3.75 DEGREE
STEP SIZE STEP SIZE

A Sigma Instruments Inc. stepping motor, having 2 half-ster slew
rate of 6,000 steps per second at 200 oz-in of torque, was chosen for the
prototype system. The least-step angle of the motor was a 1.25-deg helf step,
and this required three half steps to produce the required 2.75-deg motion
equivalent to the desired least-tit rotation. The following reasoning lead to

this choice.

U
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Figure 17 Three-state output-switching fluid valve
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3. The time delay required to produce a special motor of tke Sigma type with
a basic 2.75-deg step angle was thought to bte excessive. Costs involved
in such a development would have adversely impacted the DEHA program.

b. Some torque overdesign of the stepper unit was thought to be desirable to
allow for over-specification friction from the rotary valve unit which was
not yet fabricated.

c. No large stepping motor (with output greater than 200 oz-in at design
sreed) whick produced a 2.75-deg step angle directly as a single step

could be found.

However, in retrospect, this was an unwise desision. See Sections
5.1.1, 6.2.1.c, and 8.1.

4.5.3 Vajor Sutessemblies and Component Arrangement

Figure 18 is a schematic of the selected system as it would be
configured for an aircraft installation. This system should not be confused
with the somewhat abbreviated prototype system described in Section 4.6.2.
which was used for demonstrating the concept in the labtoratory. The major
subassemblies and components for an aircraft system include the following:

4,5,2,1 Digital Controller

A multi-channel electronic control circuit designed to per form the
following functions:

a8. Receive the integrated digital wordstream of comnands from pilot,
autopilot, end stability augmentation system.

b. Align output with initial condition input in response to a shaft encoder
feedback unit.

c. Convert the digital error commands to a series of coded electrical pulses.




POWER-HINGE
PLANETARY GEARBOXES

4]

DUAL ROTARY DISTRIBUTOR VALVE

DUAL STEPPER nmoas-\ -\ =

FIXED-CYLINDER-BLOCK
- HYDRAULIC MOTORS

-y

hoosod

I < CLUTCH (TYP)

j+— TORQUE-SUMMING

GEARBOX
DUAL-CHANNEL T~ HARMONIC DRIVE

; LOGIC UNIT AND
| STEPPER CONTROLLER l DUAL A/D SHAFT ENCODERS

DIGITAL:

COMMAND

Figure 18 DEHA configured for aircraft instailation
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d. Amplify and translate the electrical pulses to the dual electrical stepper
motors,

e. Execute the following logic.

Assuming that the input is in the form of a 1C-bit binary
wordstream, and the encoder provides an 8-bit feedback signal, the controller
would function as follows. V¥hen the sensed error exceeds four least bits, a
corrective input of four least bits of appropriate sign would be inserted into
the stepper command at a limited rate. VWhen the measured error reaches eight
least bits, the monitor feedback function would be shifted from one element of
the dual encoder to the other (standby) element. \lhen the measured error
reaches sixteen least bits, the error correcting function would be disabled
allowing the system to respond as an open-loop stepping motor.

A microprocessor-based controller utilizing a mature 8-btit
fixed-instruction-set microprocessor is envisioned at this time.

4.5.3.2 Cual Electric Stepper Motor

Two input sterper motors output on a common shaft to provide dual
redundancy.

4.5.2.3 Hydraulic Distriibutor Valve

A dual rotary-spool valve with the metering lands machined on a
common spool.

The valve sleeve would include a series of annular-ring manifolds to
port fluid alternately to each of the six individual pistons in each hydraulic
motor. Either a 2-cycle, 4-cycle, or a 6-cycle valve rotating at one-half,
one-quarter or one sixth of the hydraulic motor speed could be used. The
actual selection would depend on the capability of the selected stepper motor
to meet the applicable step size, torque, and rate requirements.
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4.5.3.4 Hydraulic VMotors

Two externally-commutated fixed-displacement hydraulic motors.

Twe units would provide the dual hydraulic redundancy currently
provided to the F-16 rudder. The external commutation would allow the fixed
displacement motor to adjust its hydraulic flow demand to accommodate variable
applied loads and demand less kydraulic flow, than an internally-commutated
motor, for slewing at high rates under low-load conditions. Fixed-cyl!inder-
block motors with rotating swash plates were used on the prototype unit;
however, with a thorough packaging design effort, a better design may be

possitle using modified rotating-cylinder-block motors similar to the design
shown in Figure 16.

4.5.3.5 VMotor Clutches

An electrically-operated clutch for each hydraulic motor,

These would be used to prevent a system jam in the event of seizure
of either motor.

4.5.2,6 Torque-Summing Gearbox

A gearbox containing two drive pinions, one driven gear with an
output shaft extending through each side, and three mounting pads.

Two mounting pads would be used for the hydraulic motor clutches
whose output shafts would be connected to the drive pinions through sgline
couplings. The third-pad would te for a harmonic drive gear reducer whick
vould be connected to one end (the detection end) of the output shaft. The
other (rower output) end of the output shaft would be connected to an output

torque tube leading to power-hinge gearboxes mounted on the flight control
surface hinge line.
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4.5.3.7 Harmonic Drive

A high-reduction Farmonic drive for driving a single-turn sheft
encoder.

The gear reduction would be selected to produce one output
revolution for the full range of output motion at the output shaft. Note: A

hal f-revolution, 180-deg 10-tit encoder was used sucessfully on the prototype
unit.

4.5.2.82 Sheft Encoder

A dual single-turn absolute binary analog-to-digital shaft encoder.

The encoder would provide monitoring feedback to the digitel
controller, and input to the jom detection and clutchk logic circuit.

4.5.2.9 Jam Letection and Clutck Logic Circuit

This circuit would be designed to utilize the shaft encoder for
detecting the error angle of the torque-summed output shaft witk respect to
the commanded input. The circuit would be programmed to momentarily declutch
one motor output clutch and then the other when an error angle persists,
indicating that one of the motors had seized. The circuit would discriminate
between the motor which follows the input and the one whick doesn't, and
operate to permanently declutch the latter.

4.5.3.10 Power-Hinge Torque Tubes and Gearbtoxes

A series of planetary gearboxes mounted along the rudder hinge 1ine
and connected with power transmitting torque tubes driven by the

torque-summing gearbox.
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4.€ CEMONSTRATION SYSTEMS

It was originally planned that, tefore a full-scale prototype DEHA
unit was fabricated, a small-scale model of the selected concept would be
designed, fabricated, and tested to eveluate its feasibility. Fowever, it was
soon recognized that, because of the need to create new hydraulic motor and
rotary velve designs, the development of a smell-scale model would be nearly

as exrensive as a full-scale dual-channel prototyre. Therefore, it was
decided to forego the sméll-scale model and to demonstrate the digital
controller and monitor feedback system independently of the total
hydromectanical DEHA system.

[t was also recognized that the demonstration of a full-up rudder

actuation system, with the complete mechanical gear train, would require more
funds than were available for the program. Therefore, a simple means of
loading the full-scale DEHA prototype unit vas devised. These two
demonstration systems are briefly described as follows. More detailed
explanations are provided in following sections.

4,¢6.1 Suitcase Digital Controller

A portable electronic control unit packaged in an aluminum carrying
case, as shown in Figure 19, was designed and fabriceted to demonstrate the
oreration of the selected electric stepper motor and shaft encoder arranged
with a low-gain monitor feedback circuit. This unit included a stepping motor
jdentical to the one used to drive the rotary velve of the DEHA, all
electronic logic necessary for input to the Siqma stepper motor drive
electronics, circuits to implement the = it J‘eedbeck principle, and also e

T TR T

reduction gear train courling the step,.. wotui to a digital shaft encoder
identical to the encoder used in the CEHA unit. This gear reduction ratio
duplicated the total reduction from the stepper motor shaft to the encoder in
the final DEHA unit which allowed the demonstration unit to bte operated
without any of the hydraulic components. Suitable connections were provided
so that the same electronics set built into tkat unit could be shifted to
drive the DEHA steprer and to recieve positional signals from its encoder.
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Figure 19 Suitcase digital controller
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A single-chennel microprocessor-based logic unit designed and
fatricated for use in conjunction with the available stepping-motor power
controller, Sigma Instruments, Inc. Model DMC-10, was used to amplify and
transfer signals from the microprocessor logic unit to the electrical stepper
motor. The controller was designed to operate in a laboratory rather than an
aircraft enviromment, and to be carpatle of performing all of the primary
functions of an aircraft unit excert redundancy management. It included o
software routine which, when invoked, operated to modify the digitel word from
the shaft encoder to simulate an encoder mal function. As the microprocessor
detected an error, its test software energized a light to simulate a switch to
a standby encoder.

For stand-alone demonstrations, means of manually generating 10-bit
input commands were included. This was a rotentiometer feeding a 10-bit A/D
converter which, in turn, was connected to the microprocessor logic. An
alternete analog input to the A/D converter allowed frequency response testing
of the total CEHA system.

4.6.2 DEHA Prototype Cemonstretion System

The system used for laboratory demonstrations of the recommended
DEHA concept is shown in Figures 2C, 21, and 22. It included many of the
major subassemblies and components visualized for an all-up aircraft system,
as described in Section 4.5.3, except for the following revisions, deletions,
and substitutions. More detailed descriptions are provided in Section VI.

4.6.2.1 Electric Sterper Motor

An available single stepper motor, Sigme Model 21-34500144-B015-K,
was used in order to avoid the cost for design, development, and fatrication
of two aircraft-quality motors on a single shaft. It is a two-phase type with
a permanent magnet rotor which provides 288 (1.25-deg) half steps at a maximum
sterping speed of 6,144 steps/s. Its running torque is 60C oz-in at 50
steps/s, and its maximum holding torque is 738 oz-in at 50 steps/s.
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ELECTRIC STEPPER MOTOR SHAFT ENCODER
/ /—COUPLEI SECTION /_/-nmxc DRIVE
[ ROTARY DISTRIBUTOR VALVE

| T/r
|

HYDRAULIC DRIVE MOTORS

TORQUE-SUMMING GEARBOX
|

| & ]

LOAD PUMP

Figure 20 Dual hydraulic channel DEHA unit configured for the
prototype system
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Figure 22 Prototype DEHA viewed from load-pump side
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4,6.2.2 Hydreulic Distributor Valve

A dual rotary-spool valve suck as visualized for an aircraft system,
and a&s descrited in Section €.2., was used.

4,6.2.2 Hydraulic Motors

Two externally-commutated fixed-displacement aircraft-type hydraulic
motors, such as described for the recommended DEHA concept in Sections
4,5.2.1, 4.5.2.2, and 6.3, were used.

4.6.2.4 Motor Clutches

No motor clutctes were used in the leboratory demonstration system.

No plans for demonstrating means for freventing a complete system jam in the
event of hydraulic motor seizure were included in this program.

4.6.2.5 Torque-Summing Gearbox

A gearbox similar to that visualized for an aircraft system was
used. However, rather than drive a torque tube to a power-hinge gearbox, e
fourth pad for mounting a hydraulic load pump was provided. The detail design
is described in Section 6.4.

4.6.2.6 Harmonic Drive

A harmonic drive, such as visualized for an aircraft sytem, was used
to reduce the gearbox ouput speed to a speed compatible with the shaft
encoder. The harmonic drive is also described in Section 6.4,

4.6.2.7 Shaft Encoder

An available single shaft encoder, Astrosystems, Inc. Model
EC1011S-2, rather than a dual unit, was used. It is an electromagnetic
resolving absolute digital tyre with 11-tit absolute natural binary (2,04¢
steps) output for 360-deg input rotation and with a 0.0025-sec data refresk
rate.




4.6,2.2 Jem Letection and Clutck Logic Circuit

Mo suck circuit was used for the lahboratory demonstration system.
As noted in 4.€.2.5 above, the program contained no plans for demonstrating
means for preventing system jams.

4.6.2.¢ Power-Hinge Torgue Tubes and Cearboxes

As previously noted, these items were not provided for the
laboratory demonstration system.

4.6.2.10 Hydraulic Load Pump

A Sperry-Vickers bent-axis hydraulic motor, VModel MF2913-30, was
used in a hydraulic loading circuit so that it could act as &

fixed-displacement pump to provide resisting loads of verious magnitudes, and

alternatively, as a fixed-displacement motor to provide aiding loads.




V. CICITAL CONTROLLER DEVELOPMENT

5.1 CONTROL FUNCTIONS

The digital controller unit was required to perform two basic
functions; ie: to generate signal commands to the electrical stepper motor in
response to input commands, and to provide a monitor feedback. The monitor
feedback allows position initialization (to bring the output into agreement
with the input command upon system startup) and updating of the output (by

replacing commanded steps which may have been missed for any reason).

5.1.1 Command Signal Generation

The arrangement of the input commend and monitor control functions
are shown in Figure 22 and were repeated on the control ranel of the suitcase
demonstrator unit whick was also the electronics set used to drive the CEFA
prototype unit. An input command could bte introduced as a ten-hit digital j
wordstream from an external source or be derived from e ten-tit encoder system
built into the demonstrator unit with access from an input dial on the control
panel. The unit output signal came from an effective ten-bit encoder vhose
decimal equivalent readout is displayed alongside of the decimal equivalent of
the input dial setting. The error between input and output was computed
continuously and converted to the form of a directional pulse train heving

three pulses for each Teast -bit of system error. This pulse train was used to
command the steprer logic unit shown in Figure 24, wrich sequenced the tipolar

chopper electronic drive ensemtle of Figure 25 to switch current across
approrriate windings in tk. stepper motor to advance its rotor in steps.

The three-for-one multiplication of command bits to stepper-command
pul ses resulted from an unfortunate choice of the number of rotary valve
rhases per revolution which was locked into the valve design before the
difficulty of the three-for-one rulse conversion was fully aprreciated.

As shown in Section 6.4.2, the four-rhase valve requires 2.75 degrees input

rotation for each least-bit output step of the DEHA torque-summing gearbox.
This is obtained with three consecutive 1.25-degree half steps from the
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selected Sigma steprer motor. However, initial attempts to drive the stepper
motor by bursts of three pulses arplied near the meximum-rate rerformance
limit of the motor were totally unsuccessful. The ramping function initially
provided with the Sigma bipolar chopper drive unit was not usable as a
smoothing function for sinusoidal inputs.

The electronics 1oor shown in Figure 26 was devised as & way of
circumventing this three-for-one pulse conversion problem. It includes an
Intel 8748 microprocessor as a summing junction of a digital integrator and
feedback loop. The analog-converted error signal of this loop is used to
drive a voltage-to-frequency converter which then is counted up or down as the
sign of the loop error changes. The three-for-one pulse conversion is made at
the microprocessor input. Hovever, it should be recognized that this loop &nd
its three-for-one pulse conversion would be unnecessary, except perhaps as a
forward-loop noise filter, if a proper match of step size and least-bit
equivalent output rotation had been designed into the unit. For instance,
with a six-prase valve, 2.5 degrees input rotation is required for each
least-bit output step. That corresponds exactly with the 2.5-degree full-step
size of the selected stepper motor.

When the Sigme ramper function was eliminated, A/C input noise
became a major probtlem. Least-bit jitter in the A/D ouput word caused
stepping motor pulses to be output erratically. Shielding and noise reduction
techniques applied to the A/D converter failed to reduce the noise below the
least-bit level. The failure of these noise reducticn measures made it
necessary to operate the three-for-one conversion loop as a low-pass
first-order filter to suppress the A/D noise to an accerteble level that would
not adversely effect the stepping motor least-bit response.

The setting of this input-signal first-order filter at approximately
C.4 ¥z became the dominant factor in ell frequency response measurements. An
8-Hz second-order filter placed in the input-signal ckannel upstream of tke
A/D had no noticeable effect in allowing the first-order characteristic filter
frequency to be raised to a significantly higher level,
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The overall performance of the steprer motor drive electronics was
thus disappointing in that limitations of the electronics, necessitated by the
need to provide pulse-train smoothing for the stepper motor, became the
limiting factor in the frequence-response performance of the overall DEHA
system. The final data indicates that the frequency response of the stepper
motor through to the unit encoder output was essentially flat to ten Fz. The
dominant attenuation in the overall system was from the first-order lag
characteristic produced by the steered up-down counter loop at the stepper
input. Attempts to draw this loop tighter to raise its first-order response
characteristic frequency to match the performance of the electromechanical
system resulted in erratic performance of the stepper motor.

The use of a first-order filter to smooth the sterper input pulse
train to an acceptable degree is not suggested as a rractical exredient. Its
use here serves to illustrate one of the protlems whicl is associated with the
use of microprocessor electronics to drive free-commutated electrical stepping
motor units. It is evident that more work is needed to perfect electronic
drivers for stepping motors btefore such motors can be freely substituted for
analog type servos of either electrical or electrorydraulic types.

5.1.2 Monitor Feedbeck

The error between input and output, whick is computed continuously,
is compared with each of three successive gate threshold values. As the
sensed error exceeds each threshold value, a signal light is illuminated on
the ranel section rerresenting that gate. Vkhen the first gate threstold is
reached, a stepwise integrator is started and its output is summed with the
input command to form a2 correction error signal. This integrator is latched
at zero output when its input variable (the system error signal) reackes zero.

If the action of the integrator does not prevent the system error from
increasing, the second gate threshold will be exceeded. At this point, an
indicator light signals that, in a real system, a standby feedback encoder
circuit had replaced the primary feedback encoder whick is assumed to have
mal functoned.




If the system error should continue to increase up to the third gate
setting, the entire feedback loor would be disebled causing the circuit to
revert to an open-loor sterping motor type of response. A start switch is
provided to inhibit this open-loop disable function with an indicator light to
show when the third gatc function is locked out. This feature allows thre
system to be started with a Targe initial error.

5.2 CCNTRCL CIRCLIT DESICN

The digital controller was designed to provide a means by whick the
stepping motor, and ultimately the hydraulic valve, could be actuated
according to an input commend signal. The driving signal can be selected from
one of the sources. A switch on the front panel selects either manual or
external modes.

In the manual mode, a front panel control drives a potentiomecter
between -5 and +5 volts DC generating the controller input command voltege.
In the external mode, the input commend voltage (btetween -5 and +5 volts CC)
is generated externally and input via a connector on the front panel labled
"analog input". In either case, the resulting input command voltage is fed
through a low-pass filter, to an A/D converter for conversion into a digital
command word of 10-bit resolution. The 10-bit digital command word thus
btecomes the basis for system control and stepping motor positioning.

The remaining functions of the digital controller can te divided
into three main catagories; motor control, monitor feedback and front panel
display.

At the onset of the controller design, a microprocessor was chosen
as the main ingredient for accomplishing these functions. From a systems
point of view, this approact appeared to be most consistent with the overall
CEHA design philosophy of digital position control with incremental motion
control. Refering to Figure 27, a signal flow description follows:
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5.2.1 Low-Pass Filter

The input commend voltage is filtered for high-frequency noise
rejection and to integrate out any large discontinuities that might exist in
the command voltage.

5.2.2 A/D Converter

The filtered command voltage is then digitized by a 10-tit
resolution A/D converter. The result is a 10-bit command wviord placed on a
digital deta bus in a form that the microprocessor casn understand and utilize.
The concept of digital data bus control could at this point be expanded to
include control words to te input via an external digital tus tying the CEHA
digitel controller unit into a central command computer or control system.

5.2.2 Microprocessor Authority and Functions

uring the initial stages of development of the digital controller,
it was found thet the demands pleced on system throughput rate (2,000 bits/sec
in and 6,00C pulses per sec (PPS) out) could not te accomodated ty a single
microprocessor. At this point, a second microprocessor was added end the
controller tasks were divided into two groups: motor control, handled by an
Intel 8748 microrrocessor, and monitor-feedback and front-panel displeys and
switches handled by an Intel 8085 microprocesor. Cetailed monitor and display
circuits are shown in Appendix B, in Figures P2 and P2.

Tre digitized command signel notec in Section 5.2.2 is input to the
€748 microprocessor and multiplied by a factor of tkree in the 874€ program
software. This new (3x) command signal then becomes the driving signal for a
digital integrator loop placed around the 874€ microprocessor, with the loop
output being the steprer drive signal. Refering to Figure 28 and to Figure
B1l, this can be descrited as follows:




The 8748 microprocessor functions as the summing junction for &
digital integrator and feedback Toop. The digital command word is multiplied
by three at the X input to the 8748. The result is a new digital input
command word Z = 3X. From this value the microprocessor subtracts the digital
stepper motor position signal Y to generate an error signal £ = Z-Y. This
digital error signal passes through a digital-to-frequency converter before
becoming the stepper drive signal. The stepper drive signal is the output of
a voltage/frequency (V/F) converter which generates the motor step rate
proportional to the error signal. The stepper drive signal or step rate is
converted back to digital form and integrated by a counter in the feedback
loop to the Y-input of the 8748. The counter/integrator output is also the
stepper motor commanded position since the integration of rate is position.
The foregoing is described mathematically as follows:

— K _]

LI | D/A ve |- —>
DIGITAL ] | | stepper
INPUT | | DRIVE
COMMAND —

COUNTER
— 1/5
STEPPER /
POSITION
€=2-Y, Y= KE
5
Y= K(Z-Y)
s
J X
Y4 K+S

Where K is the integrator gain, and
S 1s the complex frequency variable

Figure 28 First-order (times three) functional filter
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5.2.4 Basic upen-Loor Cperation

It was intended thet the digital controller operate primarily in an
oren-loop mode using a monitor feedback function for occasional update or
error correction without relying heavily on feedback for motor control. In
addition, the controller was designed to operate without significant effect or
loss of performance after a total loss of feedtack. Thus, the remaining
controller functions have very little effect on gross stepprer motor control
except ot low speeds (belov: stepper start-stor speeds) or during system
power-up and initielization.

5.2.4.1 Error-Correction Command

The Sigma stepper motor drive electronics receives the stepper drive
rate signals noted in Section 5.2.3 or error-correction-rate signals depending
on the status of the command rate detector and the monitor feedtack error.

The command-rate detector senses when the stepper drive (command) rate falls
below stepper stop-start speeds and switches the error correction rate
generator to the Sigme driver electronics if an error exists. This function
allows the stepper motor to be stepped by error correction pulses at times
when it is not teing controlled by command pulses. The speed of the
error-correction-rate generator can be adjusted by a front panel control.

5.2.4.2 Displays

The stepper drive-rate signal noted in Section 5.2.2 is input to a
divide-by-three counter in the 8085 microprocessor. The current count is
displayed on a four-digit LED numerical display on the front panel of the
digital controller. Likewise the digital encoder signal or monitor feedtack
is displayed on a four-digit LED encoder display positioned just below the
conmand disrlay on the front panel. The difference between these two displays
represents the error signal used as a part of the monitor feedback function as
follows:

A S OP0 DR S R VU




a. Gate 1 Set for Detection of Errors Between 1 and 5 Least Bits

Cate 1 LED will light when the Gate 1 threshold level is exceeded,
indicating that a correction-signal pulse train is being inserted into the
command pulse train by the error-correction-rate generator.

b. Cate 2 Set for 5, 6 or 7 Least Rits

Vhen the system error is equal to or larger than this setting, Cate 2 LEC
will Tight and a switck from Encoder 1 to Encoder 2 will be made. An LED
by each encoder will light to indicate the operational one.

c. (Gate 3 set for 8, 9 or 10 Least Bits

As above, an LED will light with the system responding now by running in
the open-loop mode. An open loop LED indicator will light and ail monitor
feedback functions and encoders will be disatled.

5.2.4.3 Analog Output

A D/A converter reads the encoder signal and outputs 2 voltage
tetween -5 and +5 volts DC proportional to the angle of the absolute encoder.
This signal is continuously suppied to a connector on the front panel.

5.3 CONTROLLER TESTINC

Refer to Fig (29) and (69) for digital controller frecuency
response.
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VI. DEHA DESIGN AND FABRICATION

6.1 GENERAL ARRANGEMENT

The basic arrangement of a DEHA unit suitable for an application to
the F-16 rudder is illustrated in Figure 18. In the prototype unit, the
following design parameters were adjusted for reasons of part availability and
thus economy. Spacing between centerlines of hydraulic motors was set by the
availability of torque summing gears having adequate torque capacity at a
15/16 reduction ratio. The rotary valve axis was located at right angles to
the motor axes to minimize cylinder head-space clearance volume under
compression between the valve rotor and the cylinders. This placement of the
stepping motor was compatible with the space available for the current F-16
rudder actuator. In the prototype DEHA unit, the positions of encoder and
output shaft were reversed from the position shown in Figure 18 to allow the
use of a hydraulic motor as a load pump mounted directly on the torque suming
gearbox as shown in Figure 20. Only one channel of electronics was used with
a single stepper motor and a single output encoder. This was justified on the
basis that development of redundant electronics was outside the scope of this
program.

The general arrangement of the DEHA mechanism evolved in an effort
to fit the necessary motor gearbox and valve components into an existing
cavity in the F-16 structure. This basic cavity is bounded on the top by the
rudder surface, on the bottom by the engine tailpipe and on the front by the
rear spar web of the aircraft fin. The DEHA configuration chosen placed the
hydraulic motors fore and aft in a parallel arrangement with their output
shafts parallel to the rudder hinge axis. A single spool dual-channel rotary
valve was mounted at right angles to the motor output axes in order to
minimize the length of connecting tubes between valve rotor and the individual
motor cylinders. This valve location was the only one possible in the present
F-16 actuator mounting space available if a single-piece dual system valve was
to be used. From a functional point of view, either a single dual-system
valve mounted with its axis parallel to the motor output shafts or a pair of
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individual valves geared together would have been preferable. Such valve
prlacement would have 21lowed a velvc crror limiter to be placed as a simple
stop between relative votation of the valve and motor or valve and gearbox
output shafts. Fowever, with a single-piece dual velve in this position, the
vertical length along the rudder hinge line was insufficient to allow the
valve and its stepper motor to fit between the engine tailpipe and the rudder
sur face.

6.2. ROTAPY DISTRIBUTCR VALVE

6.2.1 Valve Lesign

Of the three major mechanical component developments involved in the
CEFA program, the rotary valve element required the greatest amount of
innovaetion. This type of porting sequence was demonstrated at the Boeing
Company in 1976 as part of a research program using & small six-piston radial
rneumatic motor sized to the requirements of a fin actuator for a HCBOS
(homing bomt system) glide tomb. Three three-way on-off pneumatic valves
manufactured by the Chandler Evens Control Systems Division were torrowed from
the FOCBOS bomb system to drive the pistons of this motor. Sterping-motor-type
drive electronics were used to drive the valves of this demonstration system.
The besic principle of this type of porting sequence had been used in the
design of electric stepping motors before, but had not been applied previously
to a fluid motor. Figure 20 shows a parts breakdown of this earlier fluid
stepping motor type fabricated at Roeing.

The desired porting sequence for the DEHA rotary valve was sup>lied
to prosrective subcontractors as part of a valve procurement specification
writen by Boeing. Following the award of a subcontract to the Bendix
Electrodynamics Civision, a proposed method of subdivding a 360-degree valve
circunference to generate the appropriate sequence for a six-piston fluid
motor was transmitted to them separately in the form of Figure 31. A suitable
method of fabricating a multiple-port rotary valve sleeve and spool which
froduced a balanced pressure distribution on the spool element had been
proposed earlier by Bendix. A cross section of that type of valve is
illustrated in a two-phase version in Figure 32.
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VALVE RETAINER
PLATE

OUTPUT GEAR

FLEXURE RING
GEAR ELEMENT

MANIFOLD CASE .

SWITCHING VALVE
(TYP) 3 USED

CHANDLER EVANS

CYLINDER BLOCK

CASE GROUNDED
GEAR

OUTPUT PLATE
AND SHAFT

VALVE
MANIFOLD (TYP)

- CASE HALF .
OUTPUT BEARING CARRIER e—r"" '

Figure 30 Pneumatic stepper motar fabricated at Boeing in 1976




SUGGESTED VALVE SEQUENCE

DEVELOPMENT OF SPOOL PORTING GEOMETRY
START WITH:
b oeeens 96 EQUAL SPACES IN 360° CIRCUMFERENCE

7 EEEESS BLOCK IN EVERY FOURTH INTERVAL

----- ENLARGE EACH BLOCK BY ONE HALF INTERVAL
ON EITHER SIDE

B
18 s
{8 ©

g o

8

2 SPACES—»] |
(Typ)

SEEEY] 2 '
l 1
Lf%®m® @m@ @qﬂ@m@m sesccese

1 J]

| e -
| >

INTAKE PORT
WIDTH
9 SPACES

EXHAUST PORT WIDTH 11 SPACES

(BASIC INTERVAL = 1 SPACE)

ABOVE PORT GEOMETRY GENERATES THE SEQUENCE LISTED IN
SECTION 3.3.2.1 SHEET 11 OF VALVE SPEC. ALSO LISTED BELOW

TO PRESSURE TO RETURN
123 456
123 456
123 456
23 4561
234 561
234 561
234 561
t 3 5612
345 612
345 612
; 345 612
; as 6123
h ETC ETC

4 Figure 31 Rotary valve porting sequence
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STEM OF SPOOL PLUG

SECTION THRU
RETURN PORTION

PRESSURE PORTION

SECTION THRU

tion showing balanced porting

32 Rotary va

Figure
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The major design protlems of the valve sleeve evolved to be one of
decreasing sleeve internal pressure drop by shortening connecting passageways
and by increasing these passage cross-sectional areas without unreasonably
increasing the cylinder clearance volume between valve metering edge and motor
cylinder ports. A less critical problem was simply to prevent unreasonable
growth of the valve sleeve outer diameter to accommodate the large number of
apparently necessary passages.

The tasic design problem was broken dovn in the following way in an
attempt to isolate a near optimum solution.

a. Protlem 1 Location of Annular Passages

If a pressure-balanced spool design were to be used, some system of
annular cylinder feed passages was required in either the sleeve or the
manifold block to interconnect the valve metering slot rorts on opposite sides
of the valve sleeve. The ideal location for such passages would be internal
within the sleeve wall. This location would give meximum passage cross
section with absolute minimum passage volume. Witk these passages internal to
the sleeve, a lapred or slip fit could be used between sleeve and housing.

The next best alternative placement of annular sleeve rassages was on the
external sleeve surface which required a heavy press or shrink fit of sleeve

to housing to prevent cross-port leakage.

>. Problem 2 Need for Longitudinal Passages

Longitudinal sleeve passages were required if cylinder feed slots in ttre
inner sleeve wall were arranged in two parallel annular rows. This two-row
arrangement of rorts, illustrated in Figure 33, allowed the leakage across
pressurized lands of the spool to be minimized. This design requires
longitudinal feed passages in the spool or housing to connect the two parallel
rows of cylinder feed slots to the circular port pattern of the hydraulic
motor.
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If the spool surface feed slots were folded together as shown in Figure
34, then the cylinder feed slots could be spread in a lTongitudinal pattern to
align with appropriate motor cylinders. Such an arrangement needs no
Tongitudinal passage connections, since this function is served by the
elongeted surface slots in the valve spool. Vithout the need to provide space
for longitudinal passages, much more sleeve internal volume could be devoted
to annular passages. This configuration was clearly superior to the one of
Figure 22 in terms of btoth decreased valve pressure drop and minimum added
cylinder clearance volume. The difficulty of scaling between passages
traversing the outer surface envelope of the sleeve cylinder was also reduced
with this configuration. The only disadvantage of this second configuration
apreared to be the high potential for pressure-to-return leakage across the
relaetively narrow elongated surface land areas of the valve spool. (Note:
This spool land leakage problem can be solved by using a six-phase valve in
place of a four-phase valve. See Figure 35).

c. Protlem 3 Reduction of Metering Slot Complexity

The numter of spool metering slots and longitudinal feed passages {for the
basic configuration of Figure 33) required to implement a four-phase valve
using the originé] concept prorosed by Bendix appeared to be excessive as it
required that all six cylinder feed slots be included in each 90-degree sector
of the sleeve inner cylinder. A method of reducing this required number of
metering slots and longitudinal passages (if used) was devised which
alternated cylinder metering slots between the first and second 90-degree
quadrant of the sleeve inner surface. This scheme is illustrated in the lower
right hand view of Figure 33. The required number of internal passages in the H
sleeve is cut in half by this arrangement.

The basic metering scheme of Figure 33 was selected for the DEFA
rrototype valve using full annular feed and distribution passages on the
outside of the sleeve body. The sleeve was shrink fitted to the manifold
block and the alternate quadrant metering scheme described above was used to
reduce the numbter of required longitudinal passages. This decision was
influenced strongly by the apparent need to reduce leakage across the spool

lands separating pressure and return areas.




ONE PROPOSED SPOOL & SLEEVE CONFIGURATION

VULNERABLE TO PRODUCE DESIRED PORTING SEQUENCE

LEAKAGE AREAS

33.75°TYP

7
4¢? ZF:IZZSOTYP

SPOOL CROSS SECTION

BELOW THE SPOOL-SLEEVE INTERFACE AREA IS DEVELOPED IN A FLAT PATTERN

-| <+ RETURN ANNULUS WIDTH ON
SPOOL CYLINDER

N
|
b §‘ N l
5 NEXEN PHASE 3
SLEEVE PORTS
=N \E N s& ]
§\ §| 1
NN N NN N PHASE 2
NN E§ N N SLEEVE PORTS
N (% l

SPOOL SURFACE 6 ' t

FEED SLOTS R R PHASE 1
N SLEEVE PORTS (REF)

] I
D LR k!
| | 2| ‘
FEED ANNULUS =+ e 1
Wif}:ogg SPoOL ANNULAR PASSAGE WIDTH
' PASSAGES CUT ON OUTER CYLINDER OF SLEEVE

OR FORMED INTERNAL WITHIN SLEEVE

Figure 34 Four-phase valve porting geometry
with spool slots folded together




However , the heavy shrink fit hetween sleeve and housing contributed
to the external cracking in the bousing may have which occured during the test
phase of the program. A better design solution would have used the
alternative metering scheme shown in Figure 34 with annular passages internal
to the sleeve envelope. This would have allowed a slip fit to be employed
between sleeve and housing, with housing and sleeve keyed together, and
housing passages drilled from the housing quill tube recesses directliy to the
mating sleeve ports drilled in the sleeve normal to the sleeve centerline.

The original Bendix segquential metering port arrangement could have been used
with only two Tongitudinal feed and two return slots in the spool surface to
minimize leakage area on the spool-to-sleeve interface. The leezkage problem
between the longitudinal surface slots in the valve rotor could have been
solved by going from a four-phase to a six-phase vaive. Figure 35 illustrates
how this design serarates the pressure and return feed slots on the spool
surface. The six-phase design also solves the problem of the 3.75-deg
least-bit valve rotation mentioned in Section 5.1.1 which requires an odd
number of three electric stepper motor pulses to move the velve for &
least-bit equivalent rotation. Vith a six-phase valve, the least-bit rotation
would be 2.5 deg which corresponds to the natural step size of the available
Sigma stepper motor presently used to drive the valve.

6.2.2 Velve Fabrication

The first major difficulty in the valve fabrication occured when the
original two-piece spool was assembled. The external lands of the spool
mandrel (central element of the two-piece spool shown in Figure 36) were
damaged during the process of pressing the mandrel into the outer sleeve of
the spool element. This damage was indicated by excessive leakage between
supply and return ports which occurred at all valve positions during initial
testing at Bendix. An attemrt was made to repair this damege by electron beam
welding; but, although the leakage was reduced, it was still well outside of
the specification requirement. The source of this leakage was isolated to the
inward deflection of the spool tubular outer element between the slots feeding
pressure to the cylinder ports. At this point, the two-piece spool design
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abandoned and a single-piece srool was machined with milled metering slots on
the general plan of Figure 33 illustrated in Section 6.2.1. This valve spool

was lapped to the previously lapped sleeve bore; and, the resulting leakage,
although much improved, was significantly over the specified value. Average
leakage was approximately 250 cc/min vs the specified value of 200 cc/min.
Figure 37 illustrates some of the details of this final valve design.

A second probtem occurred which was not evident at the time of valve
accertance by Boeing for assembly into the CEHA system. A heavy shrink fit
had been used to fit the valve sleecve into its manifold block. This was later
verified by the existence of an approximate 0.006-in diametral bulge of the
manifold block across the centerline of the sleeve. Surface stresses
evidenced by this bulge are believed to have been a factor in producing a
number of planar delamination cracks that formed in the area of the manifold
test ports during durability and per formance testing. These cracks started in
the heavily stressed area of the block surface bulge and propagated more or
less in a plane parallel to the block surface without penetrating to within
0.6 in of the sleeve outer wall. These cracks did penetrate into the test
ports internal boss areas and made it necessary to plug five of the cylinder
test ports in the valve housing during the test program to stop leakage from
the cracked area between these test ports.

Early in the test progrem, the roll pin coupling the valve input
shaft to the rotary valve spool sheared. See Figure 37. C[isassembly
indicated that an undersized roll pin had been placed in the pilot holes
prepared for the line-ream operation of the final hole which was planned to
take the larger roll pin which was intended to join the two parts. The
line-ream operation was then accomplished, the Targer roll pin inserted, and
the unit reassembled and realigned.

6.3 HYDRAULIC MOTCR
6.3.1 Hydraulic Motor Design

Some difficulty was anticipated in developing a fixed-cylinder-block
hydraulic motor (without the normal shaft commutated valving) which was
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required by specification to have a break-out operating friction lower than
any known motor of that type. In addition, it was specified that the motors
be capable of surviving a 750-hour endurance test under a load and speed
cycling schedule similar to that outlined in Table IV of MIL-M-7997B.

Boeing in-house studies identified the tyres of motors which would
yield low starting friction, a compact small diameter envelope, and exibit
adequate durability. These designs fell into three general tyres.

a. Type I Motor

This motor is a close meckanical equivalent of a Sperry Vickers bent-axis
rotary-block motor. An antifriction bearing supports the non-rotating element
of the swash cam whick is anchored to the case by a universal joiht.
Individual universal-ball-jointed piston rods connect the pistons to this
swash-cam non-rotating member as shown in Figure 38.

b. Type II VMotor

This type of low-friction axial-piston motor tas long pistons supported in
bores on either side of the non-rotating swash-cam element which is supported
from the rotating cam by a system of antifriction bearings. Pistons are
attached to radial pins in the non-rotating cam element by individual
universal joint devices as shown in Figure 39.

c. Type IIl Motor

This third type of motor has long pistons supported in bores on either
side of the swash cam which in this case is a rotating element. Flat-faced
rotary piston shoes are trapped between the two sides of a riston slot and the
swash-cam disc. This type of motor fits into a much smaller diameter
cylindrical envelope than the designs of the other two types. See Figure 4C.

These three preliminary motor designs were used as reference devices

iround vhick a single motor procurement specification was written. Proposed
1otor designs were received from four motor manufacturers. One design closely

9
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approximated the Type I motor discussed in subparagrapk a. This design was
rated technically superior but was priced somewhat beyond the means of the
DEHA program. A second basic design which was proposed with minor variation
by two potential subcontractors did not use either a guided piston design or
an antifriction-bearing-supported non-rotating element of tke swash cam
assembly. These designs were rated unsatisfactory on the tasis of probable
non-compl iance with the specified break-away friction specification.

The third proposed motor design did not fit any of the reference
types exactly. It did incorporate an antifriction-bearing-supported
non-rotating cam element. Pistons were unsupported and cantilevered from the
cylinder working bores. The pistons contacted the cam element on a line
generated by the intersection of a conical piston end surface and the inclined
plane of the swash cam element. The durability of this swash cam piston
mechanism was recommended by the fact that these same parts were in current
use on a production rotary-cylinder-block motor-pump. This design of the Rero
Hydraulics Division of the Carrett Corporation was accepted with some
lingering doubts as to the durability of the cam piston interface design.

This design, shown in Figure 41, proved to be very durable; and, its break-out
starting friction was well below the specified limit.

6.3.2 Hydraulic Motor Fabrication

Fabrication of three new prototype flight-weight hydraulic motor
units was accomplished. They met or exceeded every acceptance test
requirement, and were delivered on time. Even considering the fact that many
current production parts were used in their design, the performance of the
contractor, Aero Hydraulics of Fort Lauderdale, Florida, was commendable.

6.4 TORQUE-SUMMING GEARBOX

6.4.1 Gearbox Design

Once the other DEHA system variables, suct as the number of motor
pistons and bit count of the monitor feedback encoder, had teen established,
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the design of the torque-summing gearbox became a routine design problem. It
was necessary that a least-step of 15 degrees generated by a switch of the

motor porting sequence should produce a least-bit rotation at the encoder on a
ten-bit scale. With the six-piston motors which were developed under the
program, the desired reduction ratio could be obtained by a 15/16 reduction
ratio in the high-power output gears followed by an 1/80 reduction to the
shaft input of the encoder. An available eleven-bit encoder was used to
generate the desired ten-bit range in 180 degrees of rotation in order to
allow the use of a standard 1/80 harmonic-drive reduction unit at the encoder
drive termminal.

Helical gears of 12 diametrical pitch having 45 and 48 teeth were
chosen for the torque-summing gear train connecting the hydraulic motors to
the high speed output shaft which, in the F-16 installation, would drive the
torque tubes linked to the power-hinge gearing. A mounting pad for a é
Sperry-Vickers MF 3913-30 hydraulic motor was provided in place of the output '
shaft coupling pad which would be used in an aircraft installation. This
Vickers motor-pump unit was used as a load pump for measurement of output
power transfer of the DEHA unit under load. No gearbox shaft seals were
provided at either of the two hydraulic drive motor mounting pads or at the
load pump mounting pad. The pad interface serves to retain the gearbox
lubricant in each case.

6.4.2 Gearbox Fabrication

A gearbox specification was prepared specifying the requirements

summarized in Table 2 which provide the DEHA component speeds and rates shown

in Table 3. Smith Williston Inc. of Seattle was selected to design and build

one unit as shown in Figure 42, complete with a separately mounted lubrication
unit.

The only difficulties associated with this unit resulted from design
oversight in the writing of the specification and did not involve deficiencies
of the performance or function of the unit.
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TABLE 2 GEARBOX SPEED AND TORQUE RATIOS

Gear Ratios

Rated Speed - rpm
Stall Torque 1b-in
Running Torque 1b-in

At motor-driven At high-speed At low-speed
input shaft output shaft encoder shaft
x15/16 = x1/80 =
5120 4800
188 400
169 360
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One prcblem was caused by the lack of a phase-adjustment device
between the two mctor input splines. To obtain the proper rhase setting, the
two motors are set to the desired angles with one motor spline engaged to its
gcartox input. Then, the back plate of the gearbox must be removed to allow
the other motor input gear to be shifted one tooth at a time on the output
gcar until the second motor spline can be engaged.

A second problem of specification oversight was caused by the lack
of an output shaft seal on the gear tox. This requires that a special plate
be provided to seal this output pad on the gearbox if it is necessary to run
the PEHA unit unloaded without the load pump in place. However, by mcrely
removing the splined quill shaft between the gearbox output shaft and the
motor, with the mctor left mounted on the pad, the motor acts as a coverplate
to trap gearbox lubricant leakage.

6.5 DEHA UNIT ASSEMBLY

An assembly drawing of the mechanical components of the DEHA
prototype unit is illustrated in Figure 43. The shaft coupler which connects
the sterper motor to the valve input shaft is made with collet type clamping
ends. Clamping screws on these collet ends are reached through access holes
in the steprer motor mounting sleeve in order to adjust valve and stepper
relative alignment. Small angle adjustments of the rotary valve spool may be
made with the system pressurized affer the valve housing end cap, Bendix part
number 3314793, has been removed and replaced with the special adjusting end
cap provided by Bendix for this purpose. This special end cap incorporates an
adjusting wrench which can be engeged in a slot in the end of the rotary spool
and which can be used to turn the srool for angular adjustment with the No.l,
and No. 2 systems pressurized.

The valve sleeve has been assemtled in the valve housing manifold
block with a heavy shrink fit and cannot be removed without probable demage to
the sleeve and loss of proper fit between valve sleeve and spool. The valve
spool may bte removed for inspection by removing the stepper motor and motor
mounting sleeve from the assemtly. The left cnd-cap assembly, Bendix part
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number 331478€, containing the skaft seal and thrust btearing may then be
removed as a unit witk the velve sfool by removing the four screvs retaining
the end cap to the valve-sleeve flange.

The valve housing menifold block may be remcved from the bydraulic
motor heads by removing eight 5/16" bolts vhick clamp the manifold to the
motor heads. Cuill tubes connecting the tvo motors to tre menifold tlock
should te kept with the individual motors. This is necessary because of the
special configuration of the quill tubes used on thke Po. 2 motor. Quill-tube
C-rings should be replaced vhenever the menifold block is removed from the
motors.

If hydraulic motors are to te removed from their gearbtox rade for
disassembly or replacement, care stould te taken to note the exact instaslled
rkase angle btetween tre two motors by noting the relative position of the
pistons of each motor prior to removal of either motor from the torque-summing
gearbtox. The following procedure for removel and replacement of a motor is
recommended to avoid loss of the rhese-angle setting between motors.

Pemove only one motor at a2 timc from tke gearbox.

b. Index one piston of the motor vhich is not to be removed to top deead
center by rotating tre gearbox output sheft end using e depth gege to
rlace the two adjacent pistons at equal displacement from the motor
head plane.

c. hote the relative position of pistons in the motor to be removed so
that this position may be reset btefore the motor is remounted on the
gecarcase.

d. Pemove the motor from the gearcase pad taking cere not to demege thc
red O-ring.

e. Take care not to rotate tre geartox output shaft while the motor is
uncoupled from the gearbox.

f. If both bydraulic motors must be removed from the gearbox et the seme

time, use the method of esteblishing the prorper motor phasinrg
described leter in this section to asscmble the motors to their
geartox rads.

y




The hydraulic load pump unit is sealed to the gearbox pad by only a
flat gasket. The load pump may be removed from the gearbox in order to remove
or replace its quill shaft coupler but the load pump must be bolted in place
on its gearbox pad whenever the DEHA unit is operated to prevent loss of

gearbox lubricant from the Toad pump pad area whick is not otherwise sealed
off from the gearbox interior.

A number of problems which occured during the initial assembly of
the DEHA unit are described below.

A machining error was discovered in the valve manifold block when
the hydraulic motor units were mated to the manifold using the original
quill-tube port coupler design. The motor pilot flangc recess in the manifold
face was found to be eccentric with respect to the quill-tube hole pattern on
the No. 2 system side of the manifold. To correct this mismatch, Bendix
furnished a special set of quill tubes for the No. 2 motor coupling, with an
eccentricity built into the individual quill tubes to correct for the
eccentricity error in the motor indexing flange recess.

A second error was discovered when the controller electronic steprer
driver was first run with the DEHA hydraulic ccmponents. The directional
sense of the two identical monitor feedback encoders, one built into the
controller assembly and the other on the torque-summing gearbox, were found to
be of opposite sign. In order to run the monitor feedback loop of the
controller on either encoder signal, it was necessary to provide for a sign
change in the encoder readout when the hydraulic components were substituted
for the suitcase demonstrator internal components.

A more serious error in the DEHA assembly was discovered. only after
the system efficiency, flow recovery and frequency response phases of the test
plan had been completed. The fixed phase between the two hydraulic motor
elements mounted on the torque-summing gearbox, was found to have been
incorrectly adjusted during the installation of the motors to their gearbox
input. The effect of this error on the test data is difficult to assess
except by comparisons of system power demands; since the net comtined motor




force vector rotates in a manner 15 degrees/per least-bit step, identical to
that of the correctly phased system. The difference in system performance
stems from the behavior of the individual motor force vectors during the
stepping sequence. Operating with correct motor phasing, the two motors
exibit a separation between their motor force vectors which follows a sequence
illustrated in Figure 44.

The major effect of the foregoing incorrect vector spacing would te
an increase in motor net friction relative to net output torque. The motors
were effectively fighting each other for part of their stepping cycle.

The following check will indicate that the motors are installed with
the proper phrase angle between their swash cam assemblies.

KHith the vaelve manifold removed so that motor pistons can be
observed, and motors connected to their gearbox output, when viewing the
motors from their shaft end in an orientation which would place the electric
stepper motor to the right hand, when assembled, the right-hand hydraulic
motor should be phased 60 deg ahead of the left-hand motor in a clockwise
rotational sense as indicated on Figure 45. This phkasing should be visitle as
evidenced by pistons on adjacent cylinders of the right hand motor appearing
to be equidistant from top dead center at the same time when the designated
No. 1 piston of the left hand motor is at top dead center.
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PRESSURIZATION SEQUENCE ANGULAR SEPARATION

MOTOR #2 MOTOR #1 OF FORCE VECTORS 1 & 2
12 ---- 123 -----« 0
123 ~--- 123 -~ --. 30°
123 ~=-- 23 -~ 0
123 -~ --- 24 =----- 30°
ETC. ETC.
MOTOR A 7§ MOTOR nf Q
TOP DEAD- . m DEAD-
CENTER c:um (6]
mm ” MOTOR #1

Figure 44 Intended motor phasing

The correct motor phasing was originally intended to be generated by the
geometry above as seen looking into the manifold block port pattern with the
stepping motor mounted on the right. However, due to a misunderstanding
between Boeing and Bendix, the valve-to-manifold porting fabricated delivered
the pressurization sequence illustrated below.

INCORRECT

DEAD-CENTER
POSITION  ¢(°

CORRECTED
MOTOR DEAD-CENTER

CORRECTED
MOTOR DEAD-CENTER

MOTOR #2 MOTOR f1
Figure 45 Corrected motor phasing

The two hydraulic motors were phased incorrectly during the initial
performance tests with the motor force vectors oriented as indicated by the
phantom arrows above. This phasing yielded the following sequence of relative
angles between the force vectors of the number 1 and 2 motors.
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PRESSURIZATION SEQUENCE ANGULAR SEPARATION
OF FORCE VECTORS 1 & 2

MOTOR #2 MOTOR #1

12 ---- 123 60°
123 ---~ 123 30°
123 ---- 23 60°
123 ---- 234 90°
23 ---- 234 60°
234 ---- 234 30°
234 ---- 34 60°
234 ---- 345 90°

ETC. ETC.

With the motor phasing corrected as described, the position of the force
vectors is illustrated by the short solid arrows in Figure 45.
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VII. DEHA EVALUATION TESTING

7.1 CCMPONENT TESTS

The following component tests were run by the three respective
subcontractors prior to delivery of those units.

7.1.1. Rotary Distitutor Valve Tests

The following tests of the rotary distributor valve assembly, P/N
3321180, were conducted by the Bendix ETectrodynamics Division at their rlant
in North FHollywood, California.

7.1.1.1 Preakaway Torque Test

With the valve filled with hydraulic fluid per MIL-H-5606, vented,
and oriented with the spool stem in a horizontal position, a 3-inch diameter
pulley and clamp were attached to the valve spool stem. Calibrated weights,
in approximate 2-o0z increments were applied to a Nylon line (wrapped on the
pulley) until the spool rotated. The total weight required to initiate
rotation in both directions, both immediately after pressurization to 3,000
psi and after 10 minutes high and low pressurization to 3,000 psi and 500 psi
respectively, was recorded. The resulting data, taken just prior to and just
after the break-in run, are shown in Table 4.

The valve mounted in the test setup shown in Figure 46, was run-in
at 100 rpm for 40 min both in the clockwise and counterclockwise direction
with the inlet ports pressurized to 500 psi and the cylinder ports and return
rorts tlocked. The 40-min runs were made in 10-min segments alternating
between the CW and CCW direction; and, the driving torque measured in those
directions was 6 oz-in and 8 oz-in respectively. The runs were then repeated
with the inlet ports pressurized to 3,000 psi; and, the driving torques
measured in the CW and CCK directions were 6.5 0z-in and 13 o0z-in respectively.

m




Breakaviay Torque {(o0z-in) Taken Before Break-in Run

TABLE 4 ROTARY DISTRIBUTOR VALVE BREAKAWAY TORQUE TEST DATA

Direction | Immediate at | Immediate | After 10 min Immediate |After 10 min
zero pressure| at 500 psi| at pressure of |at pressure|at pressure
500 psi 3,000 psi jof 3,000 psi
Clockwise 28.8 28.8 21.6 21.6
Rotation 26.4 26.4 21.6 21.6
Counter 33.6 28.8 28.8 21.6 21.6
clockwise 28.8 28.8 19.2 21.6
Rotation
Breakaway Torque (o0z-in) Taken After Break-in Run
Direction | Immediate at | Immediate | After 10 min Immediate |After 10 min
zero pressure| at 500 psi| at pressure of |at pressure|at pressure
500 psi 3,000 psi |of 3,000 psi
Clockwise 28.8 28.8 21.6 21.6
Rotation 28.8 28.8 21.6 21.6
Counter 28.8 28.2 28.8 21.6 21.6
clockwise 28.8 28.8 21.6 21.6
Rotation
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7.1.1.2 Proof Pressure Tests

With the valve mounted in tke test setup shown in Figure 47, the
following proof pressure tests were run at the conditions noted below. The
valve was then examined and found to be free of fluid leakage, except as noted
in 2 and b below (and from the return ports in the supply fressure test).
There was no evidence of failure or permanent distortion, either visually or
2s determined by a recteck of the breakaway torque.

2. Supply-Side Proof Pressure

A pressure of 4,500 psi was applied to both pressure ports with both
return port open to atmosphere and all cylinder ports blocked. Then, the
spool was reriodically rotated iﬁ 7.5 degree increments until each of the six
cylinder ports in each system bad been pressurized for a minimum of one
minute. The only leakage observed was a slight weepage of fluid from the end
cap.

b. Return-Side Proof Pressure

Kith the pressure on the pressure ports reduced to 2,250 psi and the
return ports blocked, the 2,250-psi supply pressure was held for two minutes.
Some leakage was otserved from the valve stem.

7.1.1.4 Leakage Tests

The following leakage tests were run, and the data taken is
summarized as noted.

2. Internal Leakage Test

With 3,000 psi supply pressure applied to both pressure ports, the
valve spool was rotated until a pressure of 1,500 psi was attained at the
System No. 1: Cylinder No. 1 port (S1:C1). The spool was then rotated 5.625
deg (1-1/2 steps) CCW; and, starting from that "zero" position, leakage flow
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was measured from both return ports. The spool was then roteted in 3.75-deg
increments, for a total of 180 deg, and the next two righ leakage roints were
also measured. The measured values are shown in Table 5.

TABLE 5 RCTARY DISTRIBUTOR VALVE INTERNAL LEAKACE TEST DATA

Leakage from botk return ports with 3,000 psi applied to both

pressure ports at three valve spool positions as noted in Paragraph 7.1.1.4.a.
System No. 1 System No. 2
Spool Position Leakage Srool Position  Leakege
(Deg) (cc/min) (deg) (cc/min)

TEST WITH TWO-PIECE VALVE SPCOL

"zero" 260 "zero" 2,000
7.5 340 7.5 2,060
150 626 30 1,00

TEST VITH ONE-PIECE VALVE SPCOL

“zero" 216
120 462
168.75 570




As noted in Section 6.2.2, the two-piece valve spool was abandoned
after efforts to weld the leak path (caused by damage incurred while pressing
the two pieces together) were unsuccessful (as seen by the excessive leakage
values noted above). Although the internal leakage with the one-piece spool
was considerably lower, the maximums noted above were considerably higher than
the maximum allowable of 100 cc/min per system specified in the Boeing
procurement specification. Neverthless, in view of the time expanded in
obtaining the one-riece spool, it was decided that it would have to do; and,
testing was continued.

b. Intersystem Leakage Test

KWith the P1 port pressurized to 3,000 psig, the Rl port pressurized
to 5C psig, and the P2 and R2 ports open to atmosphere, the sum of the leakage
from both ports was measured and recorded at the same "zero" position noted in
7.1.1.4.a. Then a 1/2-minute leakage sample from the P2 end R2 ports at each
step (3.75-deg) position throughk 180 degrees was taken. Afte. sampling, the
srool was returned to the step position with the greatest leakage, and leakage
was collected for 15 minutes. The recorded rate was 0.4 cc/min whick was well
under the 1.0 cc/min allowed.

c. Shaft Seal Lezkage Test

The velve spool was driven at 650 rpm and at 1,300 rpm for one-half
bour runs with 100 psi and with 6C0 psi applied to the System No. 1 return
port. The leakage values are shown in Table 6; and, they are all below the
2.0 cc/hr maximum allowed.




TABLE 6 POTARY DISTRIBUTCR VALVE SHAFT SEAL LEAKACE TCST DATA

Votor Sreed Leakage Vith Leakage WKith
(rpm) 100 psi at Rl 600 psi at P1
(cc/30 min) (cc/30 min)
650 0.162 0.48¢2
1300 0.326 0.242

7.1.1.5 Distribution Pattern Check

This test was run as a check on the angular positional accuracy with
which the valve ports fluid from the two hydraulic supply lines to the six
cylinder ports leading to each of the two hydraulic drive motors.

Hith 3,000-psi supply pressure applied to both pressure ports, the
valve spool was rotated until a pressurc of 1,500 psi was attained at the
S1:C1 port. This was the "zero" position for this test. Then, the spool was
rotated counterclockwise until the $1:C1 pressure read 2,800 psi, and the
angle was recorded. The drum was then rotated clockwise, and the angles at
which the S1:C1 pressure read 2,500, 2,0C0, 1,000, 500 and 200 psig
respectively vere recorded. Following that, the drum was rotated clockwise to
the next step position (5.75 degrees nominal); and, tke actual angle at whick
the pressure System No. 1 Cylinder No. 4 (S1:C4) port read 1,500 + 25 psig was
recorded.

Then the spool was rotated Ci' for the next step position (7.5 deg),
and the angle at which the pressure at the S2:Cl1 port read 1,500 + 25 psig was
recorded. The spool was then rotated to the next ster position (11.25 deg),
and the angles at which the pressure at the $2:C4 port read 200, 500, 1,000,
1,500, 2,000, 2,500, and 2,800 psig respectively were recorded.




This procedure was continued for a full 180 degrees. The recorded

data, plus the incremental angular errors at the 1,500-psi points, are shown
in Table 7.

7.1.1.6 Rated Flow Pressure Drop Test

With the cylinder ports of System No. 1 intcrconnected and the
cylinder ports of System No. 2 interconnected, pressure was applied to the two
pressure ports in amounts just sufficient to attain the specified rated flow
of 9.3 gpm in each system with approximately 25-75 psig pressure at the tvo
return ports. Those inlet pressures were measured and recorded at the spool
"zero" position and at each 2.75-deg increment up to a total of 90 degrees.
The resulting pressure loss data are shown in Table 8.

7.1.2 Hydraulic Motor Tests

Acceptance tests of the fixed-cylinder-block bydraulic drive motors,
P/N 410C363-1, were conducted by ARero Hydraulics, Inc. at their plant in Fort
Lauderdale, Florida. Three motors were made, and the folldwing tests were run
with hydraulic fluid per MIL-H-5606 aprlied to the cylinders through a
single-port fluid inlet adapter shown in Figure 48, bolted to tre notor fluid
end. The adapter was designed so that three adjacent pistons, of the totel
six, were pressurized at any one time. The test results are discussed below
and the data presented in Table S.

7.1.2.1 Hand Torque Test

With the motor unpressurized, the torque required to rotate the
shaft by hand with a 0-15 1b-in torque wrench was measured and the unit
observed for freedom of rotation. All units were within the maximum allowance
of 10 1b-in.




TABLE 7 ROTARY DISTRIBUTOR VALVE DISTRIBUTION PATTERN CATA

Vernier| Switching Vernier Angular Position - deg Error
Angle | System Port For These Cylinder Port Pressures Angle
deg No. No. deg
200 |500 1000 |1500 {2000 | 2500 { 2800
67.5 1 1 }7.20 }70.0 }69.2 }67.5 |66.5 |65.0 [63.7 0
112.5 1 4 119.7
157.5 2 1 163.5
202.5 2 4 |208.0{209.5{210.0 {210.7 | 211.2 | 212.0{| 213.0 +8.2
247.5 1 2 249.5
292.5 1 5 249.5
337.5 2 2 |341.5]340.0}339.0 | 338.2 | 337.5 | 336.7} 335.7 +0.7
22.5 2 5 26.5
67.5 1 3 67.5
112.5 1 ¢® | 116.5|11e.2)119.5 | 120.7 | 122.0 | 123.5{ 125.2 +8.2
157.5 2 3 164.0
202.5 2 6 213.5
247.5 1 4 |253.0/251.5}250.5 | 250.0 | 249.0 | 248.0( 246.5 +2.5
292.5 1 1 302.5
337.5 2 4 339.5
22.5 2 1 3.10) 32.5) 33.0] 33.5] 34.2] 35.2] 36.2 +11
67.5 1 5 69.0
112.5 1 2 117.0
157.5 2 5 |171.2}168.7(167.0]165.0 1163.5]161.7| 160.0 +7.5
E 202.5 2 2 209.5
! 247.5 1 6 255.7
E 292.5 1 3 |298.5]300.0]301.5 | 303.2 | 304.5 } 306.0] 307.5 +10.7
337.5 2 6 342.2
22.5 2 3 35.5
67.5 1 1 79.0| 77.51 76.5| 76.0{ 75.2| 74.2] 72.5 +8.5

(Note: Ratio of Vernier Angle to Actual Valve Angle = 12:1)
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TABLE 7 (Continued)

B R il

Vernier| Switching Vernier Angular Position - deg Error
Angle |System Port For These Cylinder Port Pressure Angle
deg No. No. deg

200 }500 }1000 } 1500 |} 2000 | 2500 | 2800

112.5 1 4 115.2 +2.7

157.5 2 1 165.0

202.5 2 4 |204.51206.2)207.5] 208.2 | 209.0| 210.0f 211.2 45.7

247.5 1 2 250.0

292.5 1 5 303.5

237.5 2 2 | 352.5)349.5]347.5] 346.0 ) 343.5] 341.7] 339.5 +8.5

22.5 2 5 34.5

67.5 1 3 76.0

112.5 2 3 |115.0§116.2}117.0 ) 117.5 | 118.5} 119.2{ 120.0 +5.0

157.5 2 3 164.7

202.5 2 € 209.0

247.5 1 4 |253.2{1252.0|251.0 | 250.2 | 249.7 | 249.0] 248.0 +2.7

292.5 1 1 298.2

337.5 2 4 344.5

22.5 2 1 27.51 28.2] 29.2{ 30.0| 30.5] 31.2] 32.5 +7.5

67.5 1 5 717.0

112.5 1 2 124.5

157.5 2 5 1170.2{169.0/168.0 | 167.5 | 167.0 | 166.0} 165.0 +10.0

202.5 2 2 218.0

247.5 1 6 252.0

292.5 1 3 }297.21292.0{298.7 | 292.2 | 300.0 | 300.7] 301.7 +6.7

337.5 2 6 347.7

22.5 2 3 29.5

67.5 1 1 717.2} 75.5| 74.5| 73.0 | 72.5] 72.0] 71.0 +5.5
1 Zero check 1 1 68.0

Avg Error +6.2
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TABLE 8 ROTARY DISTRIBUTOR VALVE RATED FLOW PRESSUPE DROP DATA

Valve Position - deg Measured Apressure - psi Flow - gpm
Drum Dial Valve System 1 System 2 System 1| System 2
angle angle Py Ry ar | p, R, | &P
0 0 403 212 | 191 {510 {238 | 272 9.0 9.¢
45 3.75 442 212 | 230 | 515 1238 | 277 9.0 9.0
90 7.5 482 212 | 270 | 488 | 238 | 250 9.0 ¢.0
135 11.25 478 213 | 265 | 500 § 238 | 262 9.0 9.0
180 1.5 460 213 | 247 | 512 | 238 | 274 ¢.0 9.0
225 18.75 475 213 | 262 | 468 | 239 | 229 9.0 9.0
270 2.25 480 212 | 268 | 435 | 239 | 196 9.0 9.0
315 26.25 427 212 | 215 445 | 239 | 206 9.0 9.0
360 3.0 400 212 | 188 ] 466 | 238} 228 9.0 9.0
45 3.75 483 212 | 271 | 463 {239 | 224 9.0 9.0
90 7.5 491 212 | 279 {430 | 239 {19 9.0 9.0
135 11.25 440 212 | 228 | 445 | 238 | 207 9.0 9.0
180 1.5 401 211 | 190] 481 | 238 | 243 9.0 9.0
225 18.75 413 212 | 201 | 463 | 238 | 225 9.0 9.0
270 2.25 430 212 | 218 | 435 | 239 {196 9.0 9.C
315 26.25 410 211 | 199 460 | 238 | 222 . 9.0 9.0
360 3.0 404 212 | 192 | 505 | 238 | 2€7 9.0 9.0
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TABLE 9 HYDRAULIC DRIVE MCTOR TEST RESULTS
Motor Serial No.
Test Phase 001 002 003
4.1 Hand Torque 1b-in 5 7 4
4.2 Proof Pressure Acceptable | Acceptable | Acceptable
4.3 Shaft Seal Leakage Acceptable | Acceptable | Acceptable
4.4 Internal Leakage in/min| 1.95 1.52 6.35
4.5 Breakout Pressure psi 200 150 150
4.6 Stall torque 1b-in 228 222 221
4.7 Balance Acceptable | Acceptable | Acceptable
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7.1.2.2 Proof Pressure Test

A pressure of 4,500 psi was applied to the test adapter port while
900 psi was applied simultaneously to the case drain port. These pressures
were held for two minutes and the motor observed for leakage. All units met
the requirement of no observabtle leakage or weepage, except from open
cylinders, and no more than one drop from the shaft seal in the tvo minutes.

7.1.2.3 Shaft Seal Leakage

Puring all subsequent testing, the shaft seal &rea was continually
monitored for leakage, and all units were within the meximum allowable leakage
rate of 2 cc/br.

7.1.2.4 Internal Leakage Test

A pressure of 3,000 psi was applied to the test adapter port with
the case drain port open, and leakage flow from the case port measured. The
test adarter was reinstalled so that the opposite three pistons would te
pressurized and the test was repeated. All units were well within the allowed
internal leakage rate of 50inS/min.

7.1.2.5 Breakout Friction Test

With one cylinder-port transfer tube blocked, the fluid inlet
adapter was located so that only two adjacent pistons could be pressurized.
Then, the motor output shaft was rotated 15 deg from tke null-torcue
(bottom-dead-center) position, and inlet pressure gradually increased until
rotation was observed. A1l units troke out at pressures well below the
600-psi 1imit.

7.1.2.6 Stall Torque Test

With the fluid inlet adapter again mounted so that three adjacent
pistons could be pressurized, the motor output shaft was rotated 90 deg from
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the null-torque position. A torque sensor and reaction point were connected
to the shaft as shown in Figure 49. Then, the inlet adapter port was
pressurized to 3,000 psi and torque measured. A1l units provided torques well
above the 188 1b-in specified minimum.

7.1.2.7 Pynamic Balance

s

Witk all cylinders pressurized to 1,500 psi, the motor was mounted
on a variatle speed drive and driven in both directions at speeds up to the
specified rated speed of 5,120 rpm. None of the motors exhibited
objectionable vitration under any of the test conditions.

7.1.3 Torgque-Summing Gearbox Tests

The torque-summing gearbox, P/N 180-59203-1 was visually checked for
leakage, backlash, and free rotation of the gear meshes by Smith-Williston,
Inc. at their plant in Seattle, Washington. The assembly included the United
Shoe Machinery Corporation Harmonic Drive speed reducer, P/N HDC 3C; and the
Parker Hannifin, Hydra-Flex Division, lubrication pump, P/N
PT7-VS2-T40-M3-1500-101, and associated accessory equipment, ie: pump motor,
lubricant reservoir, flow control valves, relief velve, flow meters, and clear
plastic hose lines as shown in Figure 50. The lubricant was Texaco's Rando
HD-32 spindle 0il1 with antiwear and anticorrosion additives.

7.2 DPEHA PROTOTYPE UNIT TESTS

The following tests were run in the Mechanical Systems Laboratory at
the Roeing Developmental Center, Seattle, Washington. Hydraulic power was
supplied by a dedicated hydraulic power supply, which included a Denison Model
46A pump, a pressurized reservoir, and a hydraulic flow bench (shown in Figure
51) with control valves, pressure gages, and flow meters for supplying
MIL-H-560€ fluid at pressures up to 3,000 psi to the test unit. A
sperry-Vickers M 3913-30 fixed-displacement hydraulic motor was mounted on

:he output drive shaft pad of the torque-sunmming gearbox where it was operated
1s & load pump.
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Figure 51 Hydraulic flow bench
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7.2.1 Break-in and Functional Checkout Tests

For the following tests, the DEHA prototype unit and the load pump
were connected to the hydraulic test circuit shown in Figure 52. Prior to
running these tests, the encoder was aligned with the stepper motor per the
following procedure.

The inlet control valves CV-1 and CV-2 were positioned to connect
both pressure inlet ports of the distributor valve to the flow-bench pressure
manifold, the load-pressure shutoff valves LPSCV-1 and LPSOV-2 were kert
closed, and the load pressure regulators LPR-1 and LPR-2 were opened to their
minimum pressure settings. Electrical input commends were supplied by a pulse
generator as shown in Figure 53, which was capable of driving the stepper

motor in single 1.25-degree steps in either direction upon command. N

The hydraulic power supply wes energized and a regulated pressure
of 3,000 psi supplied to the two pressure ports of the distributor velve with
the supply shutoff valve open and the aligmment needle valve closed. Starting
from the zero position, a series of 1.25-degree clockwise steps were made. The

encoder clamp screws on the CEMHA gearbox were loosened until the encoder body
could be rotated, and the anguler position of the encoder was adjusted until
the least-bit change of the encoder occurred on the second clockwise step of
the system beyond the zero mark and on every third clockwise step thereafter.
Several adjustments were necessary to insure that each state change occured on
the third succeeding step. The encoder was then Tocked in position with tre
three external clamping screws.

7.2.1.1 Tracking and Peversing Test

The purpose of this test was to determine if the unit would follow
input commands smoothly without faltering in both the clockwise and
counterclockwise directions up to its fuil load capability with both drive
motors pressurized and with each of the two drive motors individually
pressurized.

For this test, the supply shutoff valve was kept open, and thre
alignment needle valve kept closed. The inlet control valves CV-1 and CV-2
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and the load-pressure reguletors LPR-and LPR-2 were ajusted as noted below.
Electrical input commands were suprplied through the digital controller by
manually rotating the input potentiometer on the control panel.

The following detail procedure was used:

The hydraulic power supply was energized; and, witk a regulated pressure
of 3,000 psi available from the pump, the inlet control valves were set to
pressurize both inlet ports of the distribtutor valve with the
load-pressure shutoff valves closed and the load-pressure regulators open
to their minimum-pressure settings.

Input commands were slowly applied in both the CW and CCV directions of
rotation, and the encoder readout counter observed to see how well the
output shaft followed the input commands. Flow readings at the flow bench
rotameter and the two turbine flow meters were also observed.

Load-pressure shutoff valve LPSOV-1 was then opened and adjusted along
with load-pressure regulator LPR-1 to gradually increasc the load pressure
read on load gage LG-1. Input commands were slowly aprlied both CV and
CCW and the encoder readout counter observed to see how well the output
shaft followed at various increments of increasing l1oad pressure. Flow
readings at the flow benck rotameters and the two turbine flowmeters were
also observed. The load was then increased until the stall point was
reached (at approximately 2,850 psi load pump pressure).

Load-pressure shutoff valve LPSOV-1 was then closed, and LPSOV-2 orened
and adjusted along with load-pressure regulator LPP-2 to gradually
increase the load pressure read on load gage LG-2; and, the test noted in
Step ¢ was repeated.

Inlet control valve CV-2 was then set to shut off pressure to distributor
valve port P-Z and connect it to the flow bench return manifold, thereby
depressurizing hydraulic drive motor MDM-2; and, the tests noted in Steps
¢ and d were repeated except that the stall-load pressure was
approximately 1,400 psi.
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f. Inlet control valve CV-2 was then reset to pressurize distributor valve
port P-2. Inlet control valve CV-1 was sct to shut off pressure to
distributor velve port P-1 and connect it to the flow benchk return
manifold, thereby depressurizing hydraulic drive motor HIM-1; and, the
tests noted in Steps ¢ and d were repeated again noting the stall-Tload
pressure (approximately 1,400 psi).

7.2.1.2 Slewing Test

The purpose of this test was to determine if the unit would follow

input commands up to approximately one-half the maximum specified slewing rate
with both one system and two systems pressurized.

For this test, the supply shutoff valve was kept open, and the
alignment needle valve kept closed. The load-pressure shutoff valves were
kept closed, and the load-pressure regulators open to their minimum-pressure
settings. The inlet control valves were set as noted. Electrical input
commands were supplied by a pulse generator capable of driving the steprer
motor at speeds up to 3,000 1.25-degree steps per second (625 rpm).

The following procedure was used:

2. The hydraulic power supply was energized; and, with a regulated pressure
of 3,000 psi available from the pump, the inlet control valves were set to
pressurize both inlet ports of the distributor valve. The sterper motor
was then driven both clockwise and counterclockwise at each of the
following speeds:

1,000 1.25-degree steps per second (20£.2 rpm)
2,000 1.25-degree steps per second (416.7 rpm)
} 3,000 1.25-degree steps per second (625.0 rpm)

Stepper motor speed was controlled with the input pulse generator; and,
the output speed compared to the input commands by measuring load pump
flow with the flow bench rotameter. The PEHA output speeds and load pump
flow rates corresponding to the foregoing input sreeds were as follows:
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Stepper Motor Drive-Motor Cutput-Shaft Load-Pump

Ster Rate Speed Speed Flow-rate
1,000 sps 222 rpm 781 rpm 2.2 gpm
2,000 sps 1,667 rpm 1,562 rpm 6.4 gm
3,00C sps 2,500 rpm 2,344 rpm 9.6 gpm

b. The foregoing tests were repeated with inlet control valve CV-1 open to
rressure and CV-2 vented to return.

c. The foregoing tests were also repeated with inlet control valve CV-2 open
to pressure and CV-1 vented to return.

7.2.2 Performance Tests

Performence tests to determine the flow demand under both resisting
and aiding loads, and the no-load frequency response were also rur with the
test setup shown in Figure 52.

7.2.2.1 Flow-Cemand Performance Tests

The purpose of these tests was to determine CEHA demand flow under
various loads and speeds to verify the expected power saving features under
low-1oad conditions, and to determine the rate of flow recovery when reversing
with an aiding (following) load. Pover efficiency and flow recovery phases of
the performance test sequence were combined to produce the flow demand curves
of Figure 54. These show the interaction between load in terms of load-pump
pressure and speed in terms of pulse rate where each pulse represents a
1.25-degree rotation of the electrical stepper motor.
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The general test proceedure first set a stcady output speed and then
requlated the load-pressure at the load pump by manipulating the appropriate
load-pressure relief valve setting. For overriding load cases, one load-
pressure shutoff valve was used to supply motoring drive flow to the load pump
with the pressure load-pressure relief valve used as a bleed-off regulator to 1
control the load pump driving pressure. During overriding load runs, it was

necessary to bypass the opposite regulator which was passing the load pump
outflow to avoid small but significant pressure differentials which were
produced by maximum flow across these load-pressure relief valves even when
the valves were set to their minimum relief pressure setting.

A regulated back pressure of 200 psig was supplied to the return
ports of the DEMHA distributor valve to minimize the extent of motor
cavitation. (Note: Some cavitation of motor cylinders is still telieved to
occur at the instant of cylinder pressure switching).

The test cases planned at an input rate of 2,00C pulse/s were
modified to 2,250 pulse/s rate to avoid a test bench resonance which made
accurate reading of gages very difficult at the 2,000 pulse/s frequency.

Early actuator demand flow tests experienced sagging inlet pressure
at the DEHA distribution velve pressure ports during high-speed stepping
particularly under overriding load conditions. Line flow capacity from the

remotely located pressure-compensated pump supply to the DEHA test circuit was
inadequate to handle the resulting high flows without unacceptable pressure
drop. Increases of line capacity made by doubling line areas between the flow
bench unit and the test circuit assembly were not very effective in preventing
pressure loss at the DEHA inlet presssure ports. Final demand flow data was
taken with the pressure-compensated supply pump set to 3,500 psig and a manual
bypass used to regulate the pressure at the DEHA inlet to 3,000 psig. This
single step removed most of the curvature from the demand flow curves taken
earlier so that these curves approximate a family of straight lines.




7.2.2.2 Additional Testing to Isolate Factors Increasing Cemand Flow

A1l flow demand data exhibited a dependance on system speed in a way
which was independent of load. This derendence of flow demand on speed
indicated the presence of a speed related drag torque on the drive motors or
of a viscous drag associated with pressure drop in either or both of the
hydraulic line systems feeding thosc motors or the load pump. The possibility
of a viscous drag torque from the load pump or its associated line losses was
eliminated by checking the zero-load points of the flow demend curves with the
load pump disconnected by removing its quill shaft coupling element. The
three reference points obtained in this way are shown on the zero-load axis of
Figure 54. These roints indicate the extent to which each flow demand curve
can be moved downward to compensate for viscous type losses in the load pump.
A further source of higher order drag is still indicated after this correction
has been made by the fact that the curve intercepts on the zero-load axis are
not located with megnitudes proportional to input speed or pulse rate.

A series of motoring tests were run to show the relative importance
of distributor valve flow impedance versus drag included by friction in the
DEHA motors. The total motoring drag of the unit was measured first by
driving the system et various speeds (indicated by dynamometer flow rate) and
measuring the load pump pressure. The DEFA rotary distributor valve was
manually rotated to a position to give maximum motoring resistance from the
DEHA motors during this motoring test. This test was then repeated with the
motor cylinder test ports of the manifold block interconnected to effectively
bypass the flow impedance of the rotary valve.

The difference between the two above sets of motoring friction data
indicated that the valve impedance effect on only one of the CEHA motors
contributed approximately 150 psig to the load pump pressure at » speed
equivalent to 3,000 pulses/s. With both sides of the rotary valve bypassed at
the motor test rorts, the net motoring resistance measured by the load pump
pressure was approximately 700 psig at the same 3,000 pulse/s equivalent
system rate. About 400 psig of this 700 psig total could bte explained by
load pump total friction loss measured at the same speed.
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The above results point strongly to the valve impedance flow losses
as the major source of the velocity derendence of the flow.demand curves. The
motoring tests, being taken with the rotary valve held stationary, are not a
true indicator of operating friction (velocity related) drag losses. However
they do tend, by a process of elimination, to place the blame for the
demand-flow velocity dependance on the flow resistance of the rotary valve
which is generated during the process of switching pressure cither from supply
to return or from return to supply pressure.

7.2.2.3 Frequency Response Test

The purpose of this test was to determine if the unit could meet the
requirement specified for the F-16 rudder servoactuator, ie:

a.* Vith an amplitude of 2% input (reak to peak) (equivalent to a half
amplitude of 0.6 degree or 10 least-bit steps of the DEFA output or 3C
1.25-degree input steps by the stepper motor),

b. and a frequency of 24 radians per second (2.82 Pz).

c. the normelized amplitude ratio of the output to the input shell be less
than 4.5 db, and

d. the phase shift less than -90°.

This test was also run in the test setup shown in Figure 51, with
electrical input commands supplied by a Solartron EMR 1172 frequency analyzer.
This analyzer is combined with a Hewlett-packard 9825 mini-computer, digital
plotter, and associated software to generate the command signal, perform
frequency sWeeps, acquire data, and plot processed data. Additional features
of the Solartron EMR 1172 are input signal bias reject, variatle sample time,
set sample delay time, adjustable command signal bias, and variable frequency
step ratio. Figure 55 shows the frequency analyzer set up with the DEFA test

system.

RO




Figure 55 Sclartrerr ¢ cauyency analyzer and Hewlett-Packard
mini-ca.; iter and uigital plotter
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7.2.2.2.1 Test Procedure

The DEHA test system was set up as follows:

The supply shutoff valve was ojen, the aligmment needle valve was
closed, both input control valves, CV-1 and CV-2, were open to the pressure
supply, btoth load-pressure shutoff valves were closed, and both leoad-prssure
regul ators were open to their minimum-pressure settings.

The frequency analyzer equipment was connected to the digital
controller as shown schematically in Figure 56. Terminals on the digital
controller panel were used to input the analog command signal (BSG) and obtain
the analog encoder signal (Bout)' The other signals shovn in Figure 56 were
tapped at the appropriate locations in the digital controller, fed through a
D/A converter if reguired, and connected to the fregquency analyzer to obtain
the transfer functions desired.

The digital controller was calibrated to determine the relation
between command signal amplitude (volts rms) and the number of stepper motor
command steps. The results, shown in Figure 57, indicate that 0.1 volt will
give 57 command steps to the sterper motor at static (low frequency)
conditions.

The specific test runs conducted and the frequency analyzer
function(s) selected for each run are summarized on Tatle 10. Test runs
beyond the basic test requirements were conducted to determine the frequency
response of the several portions of the digital controller, the DEHA, and the
total system. OQther runs were accomplished to determine the linearity
characteristics of the system.

The static gain for each transfer function obtained was ckecked at
.05 ¥z and 0.1 Hz. For all cases the value obtained at 0.1 Hz was identical
with that obtained at .05 Hz within the resolution of the plotter equipment.

14
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Figure 57 Static gain of digital controller
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TAELE 10

SUMMARY OF FREQUENCY RESPONSE

TEST CONDITIONS

Test Number | Command Sample | Command Input- | Figure | Remarks
(Mo.Day.f) Signal,B G) Delay, | Signal Bias,| Reject | No.
Volts RM§ Sec Volts Bias ON

Encoder Qutput/Digital Controller Input (35/355)

5.30.1 11 0.1 ___ _ 58

5.30.2 .11 1.0 _ _ 58

6.13.11 .32 1.0 _ Encoder 59 No filter

capacitor

Stepper Motor Input/Digital Controller Input (Q;/Bsﬁ)

6.13.7 .32 1.0 .40 60 No filter

capacitor

Encoder Output/Stepper Motor Input (QQ/BC)

6.13.3 .10 1.0 .4 Encoder 61

6.12.1 .28 1.0 .4 Encoder 62

6.13.2 .32 1.0 .4 Encoder 63

L.P. Filter Output/Digital Controller Input (B;/Bsg)

5.30.7 .33 0.1 _ 64

Encoder Output/A/D571 Input (B,/8)

5.30.3 .11 1.0 ___ 65 Filter
capacitor
installed

5.30.4 .33 1.0 _ 65 Filter
capacitor
installed

5.30.5 .33 1.0 _ 66 No filter

. capacitor

5.30.6 .33 1.0 Encoder 66 No filter
capacitor

6.12.5 .28 1.0 Encoder 67 No filter
capacitor

6.13.10 .28 1.0 Encoder 68 No filter
capacitor
One hyd
motor not

Stepper Motor Input/A/Ds71 Input (B./8;) Line

6.12.3 .28 1.0 .40 69 No filter
capacitor

6.13.4 .10 1.0 .40 70 No filter
capacitor

6.13.5 .20 1.0 .40 70 No filter
capacitor

6.13.6 .32 1.0 .40 70 No filter

capacitor




7.2.2.2.2 Frequency Response Test Results

: A summery of the test runs is shown on Table 10 and the Bode plots
for these runs are shown on Figures 58 through 70.

The frequency sweeps were generally from 0.1 to 8.0 Hz so that the
[ maximum frequency would be greater than one octave above the specification
rerformance frequency of 2.8 Hz.

The Inrut-Reject BRias function was used on the encoder analog signal §
for all runs, except the initial four, to remove the DC bias on that signal
following the conversion from digital to analog mode.

A bias voltege was applied to the command signal to center the
digital output signal from the microprocessor (Bc) or encoder (80) on the
voltage range of the [/A converters. This was done to prevent generation of a
discontinuous sinusoidal signal by the D/A converter.

After several test runs, the Sample Delay function was set at 1.0

second. This allowed the transient response of the test system, imposed by
the step change from one command frequency to another, to decay prior to
taking data.

Figures 58 and 59 show the overall transfer function (QO/BSC) of the
digital controller and DEHA for two command signal levels. The results on
Figure 59 were obtained after removing a filter capacitor on the A/D571
circuit board while the result on Figure 58 were taken before removal.
Removing the capacitor had the affect of shifting a first order lag break
frequency from approximately 3.5 Hz to 7.C Hz. This difference is observable
in the roll-off and phase shift characteristics of Figures 58 and 59.

) The frequency response of the digital controller (Bc/BSG) is shown
on Figure 60.
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Figures €1, 62 and 63 show the frequency response of the digital

electrohydraulic actuator (BO/BC); steprer motor, valve, hydraulic motors, and
gear box. These deta show that this chein of DEHA components has a virtually
flat response up to 5 Hz for the voltage levels considered and act
arproximately as a second-order system having a break frequency greater then
10 Kz.

The frequency response of the various modules of the digital
controller were also measured. First, the low-pass filter frequency response
data, is shown on Figqure 64, were taken.

Second, the frequency response of £/ 571 circuit, microprocessor
circuit, and tre DEHA (80/81) were measured; and, the results are shown on
Figures 65 through 68, These data were taken prior to fabrication of the test
D/A converter, skown Figure 56, which enabled response measurement of the
electronics elements alone (Bc/el)' The data shown on Figure 65 was obtained
frior to removing the capacitor from the A/D 571 circuit board discussed
above. Test 2 of Figure 65 is directly comrarable with Figure 66, Test 1, to
observe the influence on frequency response of removing the A/D 571 filter
caracator. Figures €7 end 6€ provide comparative data with hydraulic power to
both CEFA hydraulic motors and to only one hydraulic motor.

Figures 62 and 70 show the frequency response of the digital
controller circuits downstream from the low pass filter (Bc/Bl)' Shown on
Figure 70 are three measurements of this transfer function at differing
command voltage amplitudes. These tests were run to obtain data to evaluate
the linearity of the electronic circuits.

7.2.3 Qurability Tests

The purpose of these tests was to run the CEHA unit under conditions
simulating 1,000 flight hours of aicraft operation of the F-16 rudder
actuation system. Therefore, a cycling test based upon the endurance design

159




requirements specified for the F-16 rudder servoactuator in the Reference 6
specification was plenned.

In a contact with the Ceneral Dynamics Corporation's Fort Vorth
Pivision, it was found that those requirements represent the cycling exrected
over an aircraft life span of 8,000 flight hours. Therefore, the quantities
of cycles enumerated in that specification were divided by eight to represent
the cycling expected in 1,000 flight hours of operation. The number of cycles
and sequence of conditions planned for the DEHA durability test are shown in
Table 12.

7.2.2.1 Test Procedure

The durability tests were run in the test setup shown in Figure 71
which was identical to that used for the performance tests (as shown in Figurc
52) except for the following modifications:

a. The load-pressure regulators LPR-1 and LPR-2 weré adjusted to act as
pressure relief valves.

b. The load-pressure shutoff valves were used as adjustable orifices to
control delivery pressures on the load pump; and, they were identified as
load -pressure valves LV-1 and LV-2.

c. The tubing runs from the load-pressure valves were plumbed to the flow
tench return line rather than the pressure line.

Curing each test phase, hydraulic pressure of 2,000 psi was supplied
to both pressure ports of the distributor valve. Load pressure on the load
pump and sine-wave input commands to the digital controller were controlled as
per Table 11.

It should be noted that, with the hydraulic load circuit used, the
durability cycles were not completely representative of the load and velocity
relationships normally imposed on an aircraft flight control surface actuator.
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The test cycles were run with the load phased to output velocity
rather than to output positonal deflection whereas the loading of an aircraft
control surface increases roughly in proportion to the deflection of the
surface from a null centered position. The driving motors of an aircraft
surface servo thus operate at maximum velocity near the center position of any
sinusoidal cycle. However, in the test program, loads were generated by
backpressure from the load pump driving flow across an orifice represented by
each load pressure valve, making the peak loads occur in phase with the peak
output velocity. This was done to avoid the additional expense of febricating
a special loading system for these durability tests. Such a special loading
system having the load pressure phased to output deflection would have
consisted of a2 pair of gas loaded accumulators with a controllable hydraulic
bleed between their two input lines. Load pump output flow would have been
routed to the two accumulator inlets to compress the gas charge of one
accumulator at a time.

Although the load and velocity relationships obtained with the test
system used were not completely representative of the aircraft condition, they
were no less severe., In fact, they were more rigorous from the standpoint of
equipment 1ife; and, in that sense, the test was considered a more
conservative apprcach than required.

7.2.3.2 Durability Test Results

Test phases 1 and 2, at 100% load and deflection and at 80% load and
deflection respectively, with the number of cycles noted in Table 12, were
completed without incident.

For phases 3 and 4, it was decided to automate the cycling so that
the test ~ould be run overnight without test personnel in attendance. A Model
2240 Data Logger maufactured by the John Fluke Manufacturing Co. in Seattle,
Washington, shown in Figure 72, was used for periodic acquisition and
recording of selected data, and for monitoring preset limits on selected data
channels. When any of the parameters shown on Table 12 exceeded the noted
1imits, the Data Logger triggered electrical relays to shut down the electric
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TABLE 13 TEST PARAMETER LIMITS FOR AUTOMATIC SHUTDOWN OF THE DURABILITY TEST

Failure Mode Parameter Shutoff Valve
1. Hyd motor o Cased drain temp 0 Tl > 180°F
(two in actuator) o Filter AP increase o AP > 8 psid

2.

3.

8.

9.

Load pump

Gear box

(jamming)

Valve

Lube 0il1 system

Leakage, supply

Leakage, Return

Reservoir Press,
System

Load Press Reg's
(two)

o Encoder ouput

O 0 0 0o o o©

vs command signal
see leakage failure
Case drain temp.
Filter AP increase
see leakage failures
Gearbox temp.
Encoder output vs
command signal
Encoder output vs
command signal

See leakage failures

0 Reservoir level

Supply pressue

(do not measure

on rig-vibration)
Reservoir fluid level

o Valve return press
0 Reservoir fluid level
0 Reservoir pressure

Load pressure

o Encodere count @ t,
#count at t, where
to-ty = 3/freq

T1 > 180°F

AP > 8 psid

See Failure Mode No. 6
T, > 180°F

See Failure Mode No. 1

© o © o ©

0 See Failure iode No. 1

0 See Failure Mode No. 6
o Level switch set
point.
0 P1 <2800 psig
P1>3250

0 On unit. Set fluid vol
1 gallon above shutoff
10 psi>P2>60 psig

0 On unit, See F.M. No. §

0 On hyd units

(pload is a test
variable.)
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motor driving the hydraulic power supply pump, the reservoir pressurization
source, the shutoff valve in the pressure supply line to the CEHA, and the
electric-motor-driven gearbox lube pump.

During the automated cycling in Phase 3, several nuisance failures
occurred. These included failures in some of the 1/4-inch steel tubes in the
hydraulic test circuit, and a failure of one of the 3/8-inch plastic hoses in
the geartox Tube system. These were repaired and testing continued until
leakage occurred in the DEHA rotary valve housing after 41,256 cycles of the
planned 47,525 Phase-3 cycles had been completed.

Upon close examination, it was found thet the leakage occurred from
a crack formed in the rotary valve housing between test ports No. 1 and No. 3
on the System No. 2 end of the manifold, (the end farthest from the valve
shaft extension). A pressure test was made which indicated that this crack
did not penetrate the housing wall to the surface of the valve sleeve. For
this test, a rubber plug was inserted under each of the fittings used to plug
the System No. 2 test ports. These plugs effectively stopped the
high-pressure leakage from the cracked area and thus verified that the crack
did not penetrate the housing wall into the sleeve surface.

Subsequently, the housing was subjected to ultrasonic inspection
whick indiated that the crack actually laid primarily in a plane parallel to
the surface where it broke out, approximately 0.20 inches below the surface,
rather than normal to that surface. This explains why the crack did not
penetrate into the bore holding the valve sleeve. Upon finding this, it was
recommended that a Locktite sealant be applied in the cracked area and that
the crack interfaces te drawn together with three special bolts screwed into
the adjacent test gage ports Nos. 1, 3, and 6. Other possibilities considered
were:

a. Welding the cracked surface.
Bendix had considered both electron-beam and laser-beam welding, but
concluded that the chances for a successful weldment were small.




b. Installing the slide and sleeve assembly in another valve housing. Bendix
hed a second housing which could be used. However, it was considered that
there is a high probability that the shrink-fitted valve sleeve would
either be excessively daméged during extraction from the cracked housing
or that its residual stresses would cause an unacceptable curvature in its
bore.

Therefore, a Locktite sealant was applied in the cracked area, and
the crack interface was drawn together with the three special bolts screwed
into the adjacent test ports. In addition, a rubber plug was installed below
the bolt in each of those ports; and, in a subsequent pressure test, the unit
was found leak free. .

Durability testing was terminated at that point to preserve what
1ife was 1éeft in the valve housing. Further operation of the unit was used to
refine performance data taken earlier and to correct a phase error between the
hydraulic motors which had been introduced by improper assembly of the motors
on the output gearbox. See Section 6.5. In less than two hours of additonal
running time ranging from 500 to~3,000 stepper pulses per second, three more
housing cracks appeared each having the same general character of the first
crack. Cracking occured in a plane within 20 degrees of the surface plane of
the housing block. One end of each crack appeared to start or terminate on
the root of the thread in one cylinder test port and to extend far enough to
break through the block surface plene causing a high-pressure leak from that
particular motor cylinder clearance volume. When testing was finally
discontinued, three cracks had occured in the area of the No. 2 motor test
ports with one crack in the No. 1 motor test port area. The total number of
operating cycles completed are shown in Table 1l.

The presence of high residual stresses in the valve block surface
area was verified by comparative measurement across the block cross section
near its midsection (across the sleeve axis) and across the same section near
the corners of the block. This measurement indicated that the sleeve skrink
fit had cauéed an approximate 0.006-inch diametrial bulge across the flats of
the block. This bulge seemed to explain why the block was sensitive to
cracking in this area. However, the very rapid onset of further cracking in
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the same general area suggested that a further mechanism of repeated stress
cycling was responsible as well.

Block stresses induced in the area of the cracks are normally quite
Tow when static supply pressure of 3,000 psi is applied to any combination of
motor cylinders in any normal sequence. The cyclic stresses believed to be
responsible for the rapid crack formation can be explained as a result of
high-frequency operation of the unit at low loads whick produce near null
phase conditions on the motor valve combination. Under these conditons, the
flow from the motor cylinder vhose piston is rising toward the cylinder head
is momentarily blocked by the rotary valve action when the valve switches that
cylinder from supply to return source pressures. This fluid lock condition
can cause a very high spike of pressure above the level of the 3,000 psi
supply to occur in each motor cylinder at the instant of pressure switching.
This theory of cyclic stresses contributing to crack formation in the valve
block is supported further by the nature of the measured performance curves of
Figure 54. The upward spread of these power demand curves with input pulse
rate indicates a source of motor drag torque related to motor velocity whick
defies explanation by most other theories which do not suppose a transient
cylinder pressure rise at the pressure switching point. A discussion of
rossible design steps to effect a reduction of this pressure spiking
phenomenum is included in Section 8.2 which covers ways of improving DEHA
rower reversibility and is directed at improvements of the operating power
efficiency of the demonstrated DEHA unit.




VIIT. POST-TEST EVALUATION

8.1 PERFCRMANCE EVALUATION

The flow-demand performance curves in Figure 54 show the extreme
importance of reducing speed related losses, including flow losses, to an
absolute minimm in order to realize the full potential benefits of a power
reversible system. Intercepts of the actuator flow demand curves on the
zero-load pressure axis indicate the degree to which the DEHA motor phase, and
therefore the system power loss is increased by increasing speed. Points on
the zero-load pressure axis are shown to illustrate the effect of eliminating
the rate related drag of the Toad pump unit from the system. Vith the drag

effect of the load pump eliminated from this display, the upward spread of the
actuator flow curves with output rate jis still disturbing since this spread
indicates that the resulting system will have much less power recovery than
had been intended. If all sources cf velocity-derendent drag on the DEHA
motors and their associated hydraulic lines could be eliminated, the zero-load
intercepts of the curves in Figure 54 should represent load flows proportional
to the input pulse rate.

Motoring tests of the DEHA system were run using the load pump
to turn the system with the rotary valve held at various fixed positions.
This type of testing was used to indicate the relative magnitude of the
various drag producing factors which caused these load flow curves to spread
upward with input velocity.

0f these factors, the combined friction loss of both DEHA motors
with the effect of steady-state 1ine flow losses was roughly equal in
magnitude to the load pump losses indicated by the three reference points on
the zero-load axis of Figure 54. The rest of this unexrlained actuator phase
shift with speed is thought to be explained bty transient "wire drawing" of

flow across the active metering lands of the rotary valve. This "wire
| drawing” effect occurs at the time of switching of each cylinder pressure
between the load and return pressure states.
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Mo attemrt has been made to isolate and break down the sources of
motor velocity related drag. The general direction of measures to improve the
motor friction and churning losses have been discussed in Section 6.3.1.
Steady-state flow losses across the valve metering orifices measured at Bendix
during acceptance testing were on the order of 250 psi at the rated flow of 9
gpm. This steady state flow induced pressure differential is a minor factor
in the afforementioned upward spread of the performance curves. The major
factor in this spread in believed to be the, so called, "wire drawing” at the
valve metering orfices which 1imit the rate of pressure buildup or decay in
the individual cylinders.

In any rotary valve commutation cycle, any particular motor cylinder
will be repeatedly switched between pressure and return flow sources. During
this switching transition interval, either a high transient cylinder pressure
or a momentary cavitation of that cylinder may occur. It is most important
that, upon switching, the cylinder pressure should rise or drop rapidly in the
sense of the desired pressure change. The exact instant of switching is less
important than the rate of the pressure change induced by the switching input.
"Wire drawing" of valve flow during the transient switching interval will
cause cylinder pressure excursions above the supply pressure and will reduce
the rate of pressure change in the desired switching direction.

The following methods can be used to reduce the effect of “wire
drawing" flow resistance in rotary commutating valves.

a. The stepping increment of the electrical stepping motor driving the valve
should be equal to the least-bit increment desired from the rotary valve.
The use of three 1.25-degree stepper increments to generate a single
3.75-degree least-bit valve step in the present DEMA unit design is i1l
advised because of the "wire drawing" which occurs while the valve rotor
hesitates at the conclusion of the 1.25-degree step following the cylinder
switching point. The use of a stepping motor with a 3.75-degree
single-step output would have resultzd in a considerable improvement in
the valve metering-area rate at the switching point. However, no such
stepping motor was available when the component selections were made.
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The number of valve phases could be increased from four to six to allow
the use of the existing stepping motor in a full-step 2.5-degree stepping
mode. This design doubles the valve metering orifice area opened at the
comfpletion of a single electrical step which switches pressure on a given
motor cylinder when compared with the existing DEHA design.

The valve metering-area rate could be improved by increasing the number of
parallel metering ports orened at each of the switching points of a valve
rotation. This represents a return to the original form of the DEHA valve
in whick all cylinder ports appeared in each metering phase segment of the
sleeve circumference. This design doubles the metering area rate from
that of & valve built on the alternating phase metering pattern of the
rresent valve unit. This feature must be weighed against the other
effects of an increase of the number of phases used in a 360-degree valve
rotation since such features increase the density of the circumferential
porting; and, if carried to extremes, they will cause restriction of the
feed passages in the sleeve which serve the valve metering orifices.

A1l simple rotary valve designs, not employing secondary relay valves,
should use the Tongest metering orifice slots which can be practically
designed into the valve envelope.

Individual, secondary-relay-type fast-acting poppet switching valves could
be provided at each motor cylinder. This would reduce the size of both
the stepping motor and of the rotary valve needed for a particular
hydraulic motor drive. Such a relay valve, as described in Figure 73, is
a rather complex scheme to reduce velve flow-induced velocity losses. A
fast-acting double poppet valve system is used tc provide the fast opening
of pressure and return source pressure demanded by the motor cylinders.
The rotary valve need only be large enough to manipulate the hydraulic
prower necessary to throw the shuttle relay devices. The shuttle,
described above, serves as an overpressure and anticavitation valve to
Timit cylinder pressure as well as acting as a power relay. Hydraulic
power required to drive a set of 12 such valves would be at least
rartially compensated by the reduced leakage of the smaller diameter
rotary valve now required to merely trigger the system of shuttle relay

m
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Figure 73 Shuttle-relay valve with dual relief-vaive function
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poppets. Valves which are functionally similar to the illustrated sketch

are currently in use for missile fin control and are marketed by the
AiResearch Civision of the Carrett Corp.

f. Cverpressure and anticavitation relief valves may te provided for each
motor cylinder. In theory, if “wire drawing” of flow exists at the valve
switching points, a very high transient pressure should occur in each
cylinder as it is switched from pressure to return. No attempt was made
to measure cylinder transient pressures to detect abnormal cyclic pressure
spikes. However, the repeated appearance of surface cracks in the housing
area around the cylinder test ports suggests that such pressure spikes may
have been present. This theory suggests a possibtle solution to the

problem of motor phase shift with speed induced by "wire drawing" of valve
switching flows. This solution consists of @ pair of check relief valves
installed on each motor cylinder head-space and connected to relieve
cylinder overpressure to the supply line and to vent the cylinder to
return at the onset of cavitation.

Suck relief valves, as shown in Figure 74, may easily make a
worthwhile contribution to the ability of DEHA type units to operate as
power reversible sytems even after maximum use of quick opening valve
design techniques already discussed have been fully exploited.

If any attempt is made in the future to operate the DEHA unit up to
its rated speed of 6,000 pulses per second, a high-response-type crystal
pressure transducer should be connected to one of the remaining cylinder test
ports which is not yet showing a surface crack failure. A minimum line volume
should be added with this transducer connection. Observation of the cylinder
pressure wave as motor speed is increased should verify or refute the above
theory of the importance of "wire drawing" losses from the valve switching

transient restriction of flow.
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Figure 74 Typical installation of check-relief valves
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8.2 DESIGN EVALUATION

8.2.1 General Design Considerations

The performance curves in Figure 54 show that, to a large degree,
power adaptable performance of the DEHAR test unit has been achieved. These
test results have also demonstrated that power recoverable performance of such
units is possible. However, to exploit the potential benefits of power
recovery, some design innovation of the valving scheme is required to allow
more rapid switching of motor cylinder pressures. This is necessary to
minimize the motor phase buildup with speed which is indicated by the upward
spread of the curves in Figure 54.

An optimum valve design would be one which, by compromise, produces
a satisfactory combination of the following factors: Minimum internal
leakage, minimum internal pressure losses related to steady or average flow,
maximum rate of cylinder pressure change, in the desired sense, at the
pressure switching point, and a minimum increment of cylinder clearance volume
added to the motor by the valve connecting passages.

Test results have indicated that the present valve design is less
than optimum in several respects. It is believed that cylinder pressure
spikes occur during the pressure switching transients. This indicates that
the desired pressure rate produced by the valve action is inadequate to
overcome the parasitic pressure rate induced by the piston motion pumping flow
across the restricted metering orifice of the valve.

The pressure rate switching capability of the valve can be improved
by a shift from a four-phase valve to a six-phase valve. This allows a single
2.5-degree step to be used to replace the present three 1.25-degree half steps
; which represent a least bit with the current valve. This change of valve
| phase count would increase the metering area rate by roughly a factor of
three. A further factor of two could be obtained by doubling the length of
the valve metering slots. A second facior of two would result from a doubling
of the metering port circumferential density of the current valve so that each
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valve phase segment contains each of the six cylinder ports. This last
change, although possitle, may not be feasable due to the complexity of the
resulting longitudinal passageway system within the body of the valve sleeve.

8.2.2 Specific Design Details

The heavy shrink fit used to seal the valve sleeve in the hOuéing
tends to make both the sleeve and its housing into non-replacable items in the
valve assembly. This dravback was apparent when cracks started to appear in
the valve housing during the durability test. Straightness and uniform G
diameter are very difficult to insure over the length of the long bore in the
housing in which the sleeve is fitted. This heavy shrink fit between sleeve
and housing may have been a primary cause of the repeated instances of surface
cracking in the housing area of the cylinder test ports. These cracks started
to appear after the unit had been operated for only a part of the planned
durability test. The shink fit between sleeve and housing was also apparently
non uniform over the length of the sleeve. Leaks of high pressure 0il occured
from the ends of the sleeve-body interface whenever the thermal expansion of
the valve body relaxed the fit of the outermost lands of the sleeve in the
valve housing. This leakage became significant at temperatures above 160F
measured in the valve return flow and caused testing to be limited to avoid L
higher 01l temperatures.

An improved valve design which would correct the above deficiencies
might incorporate some of the following features:

ot s i W=

a. Longitudinal passages within the sleeve body might be totally eliminated
by the metering scheme illustrated in Figure 35.

b. Annular manifolds for collection of valve metering port flows could te
formed internal to the sleeve body instead of being made as annular
grooves in the outer cylindrical surface of the sleeve. With such
internal manifolding, the sleeve could be slip fit or lightly pressed into




the valve body by using materials of 1ike coefficient of thermal expansion
for sleeve and valve body. Pressure and return supply flows would be
scaled at the sleeve-to-tody interface by annular O-rings while cylinder
feed pessages would cross this interface at the intersection of tubular
passages terminating at the spool-to-sleeve metal-to-metal interface. A
six-phase valve design would be used to replace the present four-phase
design to take adventage of the ability of the Sigma stepping motor to
step in 2.5-degree full-step increments.

Another design deficiency of the CEHA unit as demonstrated involves the
lack of an error 1imit stop between valve and hydraulic motor output. The
current DLAA unit as it would be applied to an aircraft control surface
drive cannot be safely stalled. Vhen such a simple electrohydraulic
stepper unit is stalled it tends to lose control of its output load much
in the manner of a stalled synchronous electric motor. This problem can
be circumvented by the provision of a mechanical-error angle-limiting stop
tetween the rotary valve and the hydraulic motor output. Such a stop
mechanism would 1imit the valve phase error to + 90 degrees. The monitor
feedback encoder could then be connected either to the valve rotor or to
the motor output as is done with the demonstration system. The present
location of the valve rotational axis at right angles to the motor output
axis does not lend itself to the easy implementation of such an error
stop. Mounting of the rotary valve with its axis parallel to the motor
output axis facilitates the placement of such an error-limiting stop
mechanism but creates another problem in terms of the increased cylinder
clearance volume necessary to interconnect the valve with the motor
cylinders.

Consideration of the use of an error 1imit stop between rotary valve end
hydraulic motor suggests the possibility of another type of error limit
device for use with the electrical stepping motor driving electronics.
Cnce the error limit stop describted in (c) above is implemented, the
monitor feedback encoder function may be served by an encoder either on
the electric stepper output or on the hydraulic motor output vhere it is
presently installed. Assuming the encoder mounted to sense stepper
(valve) position, a continuous monitor of stepper electrical phase angle
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is avaiable. This phase signal now sensed can be limited to + 90
electrical degrees by simply delaying the input pulse train whenever this
90° criterion is exceeded. Such a circuit would provide a near ideal
ramping function for the electrical stepping motor without paying the
penalty of degraded frequency response which was noted from the use of
first order signal filtering at the stepper input with the system as
tested.
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F IX. CONCLUSIONS
}

The hydraulic-motor incremental-digital (stepper) actuation system
assembled on this program offers a number of advantages over other digital
actuation concepts considered. Although such incremental schemes are
characteristically closer in function to analog devices than to digital
devices, they can provide the fine position resolution required for primary
flight control surface actuation systems. All of the parallel-digital
actuation schemes considered require too many hydraulic valves.

Other incremental systems can be arranged to provide two of the
three advantages which are above those originally anticipated, i.e.,
elimination of hardover transients due to open-circuit failure of a feedback
element, and a reduction in the steady-state quiescent leakage flow associated
with electrohydraulic servovalves. However, of all the incremental schemes
considered, only the selected system has the potential for adapting to the
load torque in a manner to reduce hydraulic power and flow demands under low
loads and for returning flow to the hydraulic system under aiding loads.

Despite a number of deficiencies, the test results demonstrate that
significant reductions in the flow and power normally required with a
hydraulic-motor actuation system (with conventional motors and proportional
valves) can be obtained. With the distributor valve modifications outlined
herein, even greater reductions in demand flow under resisting loads, and
increased flow recovery under aiding loads, should be realized. These and
other changes, including the addition of pressure relief valves to limit
transient pressure spikes, and the avoidance of high shrink-fit stresses in
the valve housing, should also improve its durability.

The test reusits also demonstrate that, if electric stepper motors
are to be used as primary elements in future control systems, additional
development of their driving electronics is required. A principal merit of an
incremental system lies in its ability to operate "open loop" with good
positional fidelity. However, the incremental stepper element can only
achieve this positional fidelity by producing a fast, positive, and
well-damped response to individual single-step commands. Existing electric
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stepper motor controllers, including the one used in this program, have
inadequate or poorly controlled damping of single steps and are intolerant of
any deviation from a smoothly changing input pulse rate. Likewise,
acceleration of such motors must not disrupt the smooth character of the input
pulse train. A possible solution to this problem might be in the use of an
encoder coupled to the stepper shaft to provide a phase-1imiting feedback
around the stepper motor as outlined in 8.2.2.d. This could be used in
conjunction with an error limit stop between the valve and hydraulic motor
output which is required to prevent loss of control synchronization in the
event that the unit is stalled by an overload.

However, before such efforts are undertaken, the potential use of
high performance hydraulic motor actuation systems should be reviewed and all
factors examined. For one, the possibility that a motor-driven power-hinge
system can jam due the failure of a single element must be considered before
they are used for essential applications such as primary flight control.
Torque-summing motor arrangements (which are the easiest way to provide power
source redundancy) are subject to jamming due to a seizure failure of any
single motor or a jamming failure of a geartox unless they can be declutched.
However, none of the torque-summed systems provide a means for continued

| operation following a jam in the output gearing.

Velocity-summing arrangements of two independent motors with outputs
mixed on a final differential gear set at the surface hinge point could be
considered. A pressure-released brake at each motor, to provide a reaction
point in the event of a hydraulic system pressure failure, would allow the
active motor to continue to supply torque through the differential to the
surface and also in the event of a jam in the other motor or its gearbox.

However, the arrangement of velocity-summing power hinges would be
difficult. For instance, if a velocity-summed system is used to actuate a
trailing-edge surface, and it is desired that the hydraulic motors be located
at one end of the hinge Tine submerged in the fuselage, two separate motor
output shafts running parallel to the hinge line would be required. One of
the two hydrualic-motor drive units and output shaft would be mounted ahead of
the rear spar of the wing or fin and the other behind the spar. This leaves
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little room for either aerodynamic balance area or counterweights ahead of the
surface hinge, and causes a structural weight penalty by introducing cutouts
in the spar web. The alternative would be to install one motor at each end of
the hinge line. In either case, the differential gearing must be at the final
output stage and be designed to carry the full aerodynamic load.

Justification for further development of the selected DEHA concept
may depend on its acceptability for other applications such as the actuation
of secondary flight controls or utility functions. Hydraulic-motor-driven
power-hinge systems have been used for actuating wing flaps, wing fold
mechanisms, and weapon bay doors on a number of aircraft. Hydraulic motors
are 21so used for gun drives, radar antenna drives, emergency generator
drives, and other continuous rotation functions. Of all of these
applications, probably the only ones which could provide hydraulic systems
benefits from the load-adaptive characteristic of the selected DEHA concept
are the fast-acting leading edge flap systems. Since the flow demands for
leading-edge flap actuation have become one of the major hydraulic loads on
recent aircraft, and since these surfaces have widely variable load curves,
flow reductions from a DEHA motor system could be worthwhile. However, there
is Tittle need for digital control of such flap systems; and, there are
simpler ways, such as the use of variable-displacement motors, to reduce
hydraulic flow demands.

The program was of value in that it provided a comprehensive
comparison of candidate actuation schemes for a specific application and an
actual demonstration of the load-adaptive feature of the selected concept.
However, there are other load-adaptive control schemes which can be applied
either to hydraulic ram type servoacturators or to motor-driven actuation
systems which may have a better prospect of acceptance.
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APPENDIX A

PCWER ADAPTABILITY AND POWER REVERSIBILITY FEATURES

1. Power Adapability

The feature of power adaptability can be explained by the following
logic.

The useful pover delivered by e control actuator to an aerodynamic
surface can be decribed as & product of surface load and rate. Current valved
ram type actuators draw hydraulic power in proportion to their output rate
only, and are basica]ly insensitive to variations of surface loading.

The output torque of an axial-piston motor from any single piston
varies as a near sinusoidal function as the swash-plate piston-contact
pressure angle changes from the piston top and tottom dead-center positions
tovard the 90-degree displaced position of the swash plate where that piston's
torque is maximum. In 2 free-valve-commutated motor, the relative shaft
rotation angle to the centroid of the net piston reaction point varies as the
load is applied to the motor starting from a bottom dead-center zero-phase
relationship for zero load and going to a maximum torque at a 90-degree phase
displacement of the motor shaft with respect to the input piston force vector.
Thus, in the absence of friction or flow-velocity related losses, the fluid
pover dravn by the pistons of such a motor varies from near zero to a maximum
as the motor loading causes its swash plate or crank to rotate from the
dead-center position toward the 90-degree deflected position. (Note: The
phase angles mentioned 2bove are always measured from the bottom dead-center
axis of the motor swask plate to the centroid of the pressurized piston group).

A meximum power turn-down ratio with loading can be defined in terms
of the ratio between the volumetric displacement of a single piston during
each of two equal rotations of the output shaft. In the high-displacement
case, the swash plate is assumed to move through an angle which is centered at
the 90-degree angle of rotation away from the piston bottom dead center
condition. In the minimum-displacement case, the included angle of equal
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magnitude is arbitrarily measured from the bottom dead-center position of the
motor crank for the particular piston considered. The magnitude of this angle
denoted as 8 1s defined as the shaft output angle corresponding to the angular
displacement between adjacent motor pistons. In these terms, the power
turn-down ratio Rp can be calculated to be as follows.

CALCULATION OF THE APPROXINMATE EXPPESSION FOR Rp

Rp = 2.828 VY-(Y)Z/Z where Y = (l-cos—g-)

ll-cosei
FOR @ = 30° R, = 2.86 21%
. . sin
A simpl imat i of the same P, te is Py = | ————
simpler approximation p term p 1-c0s8

For this approximation --
For 8 = 30° Rp = 3.87

The foregoing ratio is independent of the motor swash-plate
inclination angle.

The approximate form of the above expression for Rp can be explained
in simple terms by considering the motion of the connecting rod and the piston
of a single-cylinder reciprocating engine.

()

DEAD CENTER

At the 90-degree position of the crank, the piston stroke is
approximately 2Rsin-g-whi1e the stroke vhen approaching the dead-center
position is nearly R(1-cos@). In each case, we have ignored the angularity of
the connecting rod. This assumgtion improves the approximation when the
result is applied to a barrel-type axial-piston hydraulic motor.
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The angle 6 at bottom dead-center was defined to be on one side of the

dead-center position in order to avoid the appearance of an infinite turn-down
ratio Pp which would have occurred at zero load with the angle 6 bisected by
the dead-center position radial.

CALCULATION OF TURNM DOWN RATIO R, FOR AN AXIAL-PISTON MOTOR

Such a celculation requires the determination of incremental piston
displacement for two conditions. The ratio of thesc two displacements taken
per unit of output shaft angle for each condition defines the term (Rp).

The maximum-displacement condition occurs when the shaft rotation
included angle is centered on the position 90-degree from effective crank
dead-center. The accompanying minimum-displacement condition occurs with the
same shaft included angle measured to one side of the dead-center position.

/ TRACK °F PISTON € From plane geometry ----
2 Jh(D-h)

(]
n

h=4d (l1-cos )
3 2

C-= ng?(l-cos g)-dz (l-cos.g)z

2 2 7 2

h'=d (1-cos 8" )

2
NOTE:
@ AND 6  ARE DEFINED TO HAVE EQUAL
r/—SW\FT t MAGNITUDE.

Now viewing the above geometric system along the line a, a' in the
swash-plate face plane.
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B e T p—

During shaft rotation @ about the 20°
point the piston moves parallel to the
shaft a distance S

S = 2(d)tan ¢ yl-cos B - 1-cos ¥
v i-cos g - ; 2)

During a shaft rotation corresponding to 6’
about the dead-center point (b), the
piston moves through a distance S'.

s'= d tan ¢ (1-cos@")

2
For =6
Rp = § = 2.828 VY- (1)?
5’ K4

(I-cos§)
vhere Y= (1-cos 8)
2
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2. Power Reversibility

The basis for the claim of power reversibility in the action of the
freely-commutated DEHA motors is explained below.

The angular relationship between valve and motor in the DEHA device
is seen to be a function only of motor working load since the valve is not
mechanically constrained to rotate with the motor. Thus, when the load causes
the motor to lag behind the valve, the motor will drive the load and will draw
power roughly in proportion to the valve-to-motor lag angle. Conversely, when
an overriding load causes a leading-error angle between motor and valve, the
motor will automatically become a pump and will attempt to convert power from
the load to the hydraulic system supply pressure line at a rate proportional
to the valve-to-motor error angle.

Naturally, any friction drag on the motor or output mechanism or
flow related losses within the valve assembly will reduce the motor's ability
to advance in phase ahead of the valve controlling it and will thus reduce the
degree of power reversibility which can be demonstrated by the unit.
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APPENDIX B

Controller electronics circuits which are not illustrated in Section
5 are collected here in the following figures. -
Figure B-1 Digital integrator feedback loop electronics

& Figure B-2 Display circuits

Figure B-3 Monitor and display circuits
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Figure B-3 Monitor and display circuits

17 DIRECTICN

st ———————

Sx

e e N A o cron men
—r b= SCue Cormed v 2t DEIHA  SYSTEM
—= = — CONTROLLER
= T T Sl 00100
— =1 T4
| t =
" c 191




2.

7'

GLOSSARY OF TERMS

Digital binary word

An array of a fixed number of ordered 1 and 0 bits in which the order and
state of listing designates the presence or absence of quantities which
are related in magnitude as a binary sequence 1, 2, 4, &, 16 etc.

Digital wordstream

A succession of digital words in which word bit-states may change
simultaneously (parellel arrangement) or may change in a serial order
(serial arrangement) controlled by a computer clock.

Cynavector actuator

This name denotes a fluid vane motor packaged with a concentric epicyclic
reduction gear train. This name refers to a product of the Bendix
Corporation.

Harmonic drive

This is a particular scheme of epicycloidal reduction gearing using a
skip-tooth principle and employing a flexible internal gear element. Such
gear elements are manufactured by the USM Corporation.

Incrementa] digital control

This expression refers to a digital signal which as been converted to a
directional pulse train. This pulse train incorporates only the
intelignece derived from the two lowest order bits of the words of a
digital wordstream.

Monitor feedback

A monitor feedback is a feedback implemented at such a low gain that the
dynamic response of a system evidenced by closure of that feedback loop is
virtually unaffected.

Multistepper

This is a stepping device or mctor which is capable of sterping at more
than one step amplitude with amplitude selected by command. Such step
amplitudes would generally, but not necessarily be related as a binary
progression.

Power-adaptive control

This term describes the action of an actuation device which adjusts its
power consumption in response to changes of load or of output rate.




9. Power-recoverable control

This expression refers to the property of a power-adaptive actuation
device in which the rower consumption is responsive to both the magnitude
and to the directional sign of the work done in interaction with a load.

10. Parallel or absolute digital control

These terms refer to theeessentia] feature of a digital wordstream in
which each of the word bit-states are updated simultaneously at equaly
spaced intervels of time.

11. Vire drawing

This term refers to the tigk resistance to fluid flow and coincident high
Tocal fluid velocities which occur during the process of opening or
closing a valve.
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LIST OF APBREVIATICNS, ACRONYMS, AND SYMEOLS

A/D analog to digital
D/A digital to analog
BBA Ducillier, Bendix, Air Equipement (A French Corporation)
tC direct current
PEHA digital electrohydraulic actuator
EHSM electrohydraulic stepping motor
ELSA electrobydraulic linear stepper actuator
HOB 0 weapon developed by HOROS program
LED Tight-emitting diode
LVDT linear variable diferential transformer
P/N part number
V/F voltage to frequency
s1, S2 designates pressure supply system number 1 or 2
C1, C2 etc designates the number 1 or 2 cylinder of a
hydraulic motor
HDM-1, HDM-2 designate hydraulic drive motors 1 and 2
LG-1, LG-2 designate load geges 1 and 2
LPR-1, LPR-2 designate load pressure relief valves 1 and 2
LPSOV load pressure shutoff valve
P load pressure
Ps supply system pressure
Pr return system pressure
Rp power turndown ratio
SC analog command signal
C digital output signal from microprocessor
out or o analog transformed encoder signal
1 analog output of low pass second order filter
Cw clockwise
ey counterclockwise 4
cC cubic centimeter i
cb decibels 2C Log10
deg degrees
F fabrenheit
ft foot
apm gallons per minute }
: hr hour f
Hz cycles per second J
] in inch t
- 1b round force i
min minute i
n numerical order of a parallel digital word i
} 0z ounce
PPS pulse per second
psi pounds per square inch
psid pounds per square inch differential
Fsig pounds per square inch (gage)
rms root-mean-square
3 second
sps steps per second
S Laplace variable
« t time in seconds
\ T temperature in degrees fahreheit
3
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